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SUMMARY
T h is  t h e s i s  r e p o r t s  th e  developm ent o f  th e  h o lo g ra p h ic  
p rocess  towards the  f a b r ic a t io n  of a g ra t in g  X-ray mask.
A g e n e r a l  s tu d y  i s  p roposed  which d e t e r m in e s  th e  d e s ig n  
c h a r a c t e r i s t i c s  o f  a g ra t in g  X-ray mask: a th in  p a t te rn  of gold 
l i n e s  on a s i l i c o n  n i t r i d e  membrane. Such a mask can be used in  
co n tac t  X-ray l i th o g rap h y  systems a t  the carbon KQ l in e .
The second p a r t  o f  th e  t h e s i s  d e a ls  w i th  th e  t h e o r e t i c a l  
a s p e c t s  o f  th e  r e c o r d in g  o f h o lo g ra p h ic  g r a t i n g s  in  a l a y e r  o f  
p o s i t iv e  p h o to r e s i s t  coating  a s i l ic o n  n i t r i d e / s i l i c o n  su b s tra te .  
A gaussian  trea tm en t of the holographic p rocess  i s  presented and 
shows th a t  i t  i s  p o ss ib le  to dispense with the use of co ll im a tin g  
l e n s e s  on th e  o p t i c a l  a rran g em en t w i th o u t  n o t i c e a b l e  c o n t r a s t  
d egrada tion .
A com puter s i m u l a t i o n  o f  the  g r a t in g  r e c o r d in g  p ro c e s s  on 
m u l t i l a y e r  s u b s t r a t e s  has been developed  and was used to  
d e te r m in e  th e  t h i c k n e s s  o f  s i l i c o n  n i t r i d e  fo r  which th e  
p h o t o r e s i s t  g r a t i n g  p r e s e n t s  an u n d e rc u t  l i n e  p r o f i l e ,  an 
i n d i s p e n s a b le  f e a t u r e  b e fo re  m eta l  l i f t - o f f  can be ca r r ied  out 
su c c e ss fu l ly .
F i n a l l y  th e  f a b r i c a t i o n  o f g r a t i n g s  o f  v a r i o u s  p i t c h e s  was 
u n d e r ta k e n .  0.12 m icron  and 0.17 micron g r a t i n g s  were p r i n t e d  
u s i n g  t h e  f r o n t  p r i s m  t e c h n i q u e  w i t h  UV and b lu e  l i g h t  
re sp ec t iv e ly .  In some cases moire p a tte rn s  were recorded and the 
g r a t i n g s  p r e s e n te d  an o v e r a l l  pa tchy  a s p e c t  and ex tended  on ly  
ever very sm all areas.
0.3 micron g ra t in g s  were successfu lly  f a b r ic a te d  and showed 
an undercut l in e  p r o f i l e  as predicted by the computer s im ulation . 
A th in  lay e r  of gold or gold/palladium was evaporated  under high 
vacuum and th e  g r a t in g  p a t t e r n  s u b se q u e n t ly  l i f t e d - o f f  by 
d i s s o lu t io n  of the p h o to re s is t  in acetone.
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In  some cases the  l i f t - o f f  was su ccess fu l  and gold g ra t in g s  
w ere  o b ta in e d  over l a r g e  a r e a s ,  But o c c a s io n a ly  th e  e v a p o ra te d  
m e ta l  th i c k n e s s  was to o  h ig h  and a t u n n e l l i n g  e f f e c t  was 
observed .
The f a b r i c a t i o n  o f  s i l i c o n  n i t r i d e  membranes was a ttem pted  
b u t  no r e l i a b l e  t e c h n iq u e  has  y e t  been found o f  p r o t e c t i n g  t h e  
m eta l g ra t in g  from the various  e tch a n ts .
A d i s c u s s i o n  on th e  e n c o u n te re d  d i f f i c u l t i e s  i s  p r e s e n te d ,  
s o lu t io n s  to  these problems a re  suggested and a l in e  of p rogress  
for fu tu re  experiments i s  proposed.
GENERAL INTRODUCTION
Prompted by the  d iscovery  of the  Laser in 1960 by T. MAIMAN, 
d e m o n s t ra t in g  a p u ls e d  ruby  l a s e r ,  a new to p ic  was to  make th e  
f r o n t  l in e  of p rog ress .  The INTEGRATED OPTICS s e c to r ,  defined as 
t h e  " c o n t r o l  o f  l i g h t  f l u x e s  i n  o p t i c a l  w a v e g u id e s  and  
ap p l ic a t io n  of p lanar  technology towards the c re a t io n  of o p t ic a l  
s c ie n c e  and i n t e g r a t e d  o p t i c a l  and o p t o e l e c t r o n i c s  c i r c u i t s "  
[ R e f . l ] ,  has been r a p i d l y  e x p an d in g .  O p to e l e c t r o n i c s  r e s e a r c h  
alongside in d u s t r i a l  p roduc tion  now encompasses many d i f f e r e n t  
b ra n c h es  such a s :  m a t e r i a l  s tu d y  and f a b r i c a t i o n ,  e i t h e r  f o r  
sem ico n d u c to r  a p p l i c a t i o n s  or o p t i c a l  i n t e g r a t i o n  p u rp o se s ;  
n o n l in e a r  o p t i c s ,  now v e ry  much in  favour fo r  i t s  p ro f u s io n  o f  
new a p p l i c a t i o n s  ( f r e q u e n c y  d o u b l i n g  o r  t r i p l i n g ,  p h a s e  
c o n j u g a t i o n  m i r r o r s ,  b i s t a b i l i t y  e t c . . . ) ;  and v e r y  h i g h  
r e s o l u t i o n  p a t t e r n i n g  by e l e c t r o n  beam  l i t h o g r a p h y ,  
photolithography, X-ray l i th o g rap h y , or holography.
A number of keywords can be h eard  or read  h e re  and t h e r e ,
E.Beam l i th o g r a p h y ,  m o n o l i th i c  i n t e g r a t i o n ,  a c t i v e  d e v ic e s ,  
modulation and coherent systems for example. Despite th is  g re a t  
d i s p a r i t y  of t o p i c s  and a r e a s  o f  s tu d y ,  r e s e a r c h e r s  a c ro s s  th e  
world a l l  reach towards the same u l t im a te  goals:
-Make f a s t e r  and sm alle r  devices
- I n te g r a te  every module of one device on the  same chip.
th u s  le ad in g  to  th e  f a b r i c a t i o n  of INTEGRATED OPTICAL CIRCUITS 
[Ref.2,3] composed of l a s e r s ,  m odulators, pass ive  devices such as 
f i l t e r s ,  dem ultip lexers  and o th e rs .
I t  was d e c id ed  t h a t  r e s e a r c h  to w ard s  t h i s  t r e n d ,  i . e .  
m o n o l i th ic  i n t e g r a t i o n ,  shou ld  be u n d e r ta k en .  To be more 
s p e c i f i c ,  a r e l i a b l e  l i t h o g r a p h y  p ro c ed u re  fo r  th e  p r i n t i n g  o f 
la s e r  s t ru c tu re s  onto a semiconductor chip w ithout involving any 
d e s t ru c t iv e  technique such as m irro r  cleaving was the object of 
th e  i n v e s t i g a t i o n .  The f a b r i c a t i o n  of such m o n o l i t h i c a l l y
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i n t e g r a b l e  l a s e r s ,  d i s t r i b u t e d  feed b ack  (DFB) or d i s t r i b u t e d  
bragg  r e f l e c t o r  (DBR) l a s e r s ,  w here  p e r i o d i c  p a t t e r n s  make th e  
g u id in g  la y e r  a r e s o n a n t  s t r u c t u r e  [Ref.4 ] ,  i s  now w e l l
e s t a b l i s h e d  a c c o rd in g  to  th e  e x t e n s iv e  l i t e r a t u r e  which can be 
found on th e  s u b j e c t  [R e f .5 - 9 ] .  However th e  g r a t i n g  p r i n t i n g  
technique needs to  be f a s t ,  r e l i a b l e  and cheap i f  the  process i s  
to  be passed on to  in d u s try  in  the  not so fa r  d i s t a n t  fu tu re . At 
th e  p r e s e n t ,  E l e c t r o n  Beam l i t h o g r a p h y  o f  such a s t r u c t u r e  i s  
s t i l l  in  i t s  in fa n c y  [R e f .1 0 -1 2 ] ,  and ho log raphy  i s  th e  o n ly  
accep tab le  a l t e r n a t iv e .  The major problems encountered during the 
h o lo g ra p h ic  p r i n t i n g  o f  g r a t i n g s  a r e  s u b s t r a t e  dependence and 
poor r e p e a t a b i l i t y .  The answ er t o  th e s e  p ro b lem s  has been to  
design and produce a g ra t in g  mask which could be t ra n s fe r re d  onto 
s u b s t r a t e s  by X - ra y  l i t h o g r a p h y ;  t h e  u se  o f  any  o p t i c a l  
wavelengths for the  t r a n s fe r  would lead to  n o ticeab le  d i f f r a c t i o n  
and f o r b id  p ro p e r  r e p l i c a t i o n  o f  th e  mask. However, due to  th e  
inheren t c h a ra c te r ic s  of X-ray o p t ic s ,  X-ray lithography  p re sen ts  
the property  of not being s u b s t r a t e  dependent.
The fo l lo w in g  t h e s i s  r e p o r t s  work on th e  d e s ig n  of th e  
s t ru c tu re  shown in f ig u re  1. In order to achieve t h i s  aim, every 
s i n g l e  s t e p  o f th e  p ro c e s s  has to  be m a s te re d .  A cco rd in g ly ,  th e  
research  undertaken includes:
-A general th e o r e t ic a l  s tudy in order to  e s ta b l i s h  the 
mask c h a r a c t e r i s t i c s  (Part I) .
-A d e t a i l e d  i n v e s t i g a t i o n  o f  th e  h o lo g ra p h ic  p ro c e s s  
fo l lo w e d  by a com puter s im u la t i o n  to  improve th e  
r e p e a ta b i l i ty  of the p r in t in g  (Part I I ) .
-Experimental work towards the f a b r ic a t io n  of a g ra t in g  
X-ray mask (Part I I I ) .
The th e s i s  w i l l  end by giving a layout for fu tu re  experiments 
and suggestions for fu r th e r  improvement which could be added to  
the  techniques described  th e re in .
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X-ray beam
X-ray 
/  mask
X-ray
p h o to re s is t
O ptica l  IC
s u b s t r a te
F igure  I s  X -ray mask in  i t s  co n tex t.
P r in t in g  can be a s te p  rep ea t  process fo r  
i n d u s t r i a l  a p p l ic a t io n s  so th a t  wafers o f  
l a s e r s  cou ld  be produced rap id ly .
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PART I
GENERAL THEORETICAL BACKGROUND
Establishment of the mask c h a r a c t e r i s t i c s .
6
m rao D o cn o N
T h is  p a r t ,  " G e n e ra l t h e o r e t i c a l  b ack g ro u n d " , l e a d s  to  th e  
c h a r a c t e r i s t i c s  o f  th e  g ra t in g  s t r u c tu r e s  involved in  th e  p ro c e ss  
o f  i n t e g r a t e d  l a s e r  f a b r i c a t i o n .  I t  i s  d iv id e d  i n t o  th r e e  
s e c t io n s .
- S e c t io n  A d e a l s  w i th  i n t e g r a t e d  o p t ic s  th e o ry , rev iew ing  
th e  g u id in g  b eh av io u r o f a s im p le  u n ifo rm  w avegu ide  s t r u c t u r e ,  
m o v i n g  o n t o  t h e  d e s c r i p t i o n  a n d  m o d e l l i n g  o f  g r a t i n g  
in te r a c t io n s .
-S e c tio n  B d e p a r ts  somewhat from t he  s p i r i t  o f t h i s  p a r t  in
t h a t  i t  i s  r e l a t e d  to  X-ray theo ry  and g e n e ra t io n ,  two to p ic s  of 
which a conc ise  rev iew  i s  p re sen te d .
- S e c t i o n  C c o n c l u d e s  t h i s  p a r t  by l i n k i n g  t h e  t wo  p r e v i o u s  
s e c t i o n s  i n  o r d e r  t o ,  w i t h  t h e  a i d  o f  r e l a t i v e l y  l i t t l e  d a t a  on 
t o d a y ' s  o p t o e l e c t r o n i c s  t r e n d s  , g i v e  t h e  m a i n  d e s i g n  
c h a r a c t e r i s t i c s  o f  a  ty p ic a l  X -ray g ra t in g  mask.
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A: INTEGRATED OPTICS THEORY
Hie behaviour o f uniform  guid ing  s tru c tu re s  i s  to  be re s ta te d  
befo re  th e  in flu en c e  o f g ra tin g  p a tte rn s  i s  described .
A.1) Uniform g u id ing  s t ru c tu re :
The s t r u c t u r e  to  be exam ined i s  shown in  f i g u r e  2. For 
s im p l ic i ty  i t  i s  assumed th a t  th e re  i s  no dependence along the y- 
ax is  and, supposing the guiding f i lm  r e f r a c t iv e  index is  higher 
than  b o th  th e  s u p e r s t r a t e  and th e  s u b s t r a t e  i n d i c e s ,  i t  i s  
p o s s ib le  th a t  an e lec trom agne tic  wave w i l l  be confined w ithin  the 
s t r u c tu r e  provided c e r ta in  resonance cond itions  are  s a t i s f i e d .
I t  can be shown t h a t  any e l e c t r o m a g n e t i c  f i e l d  in  such a
s t ru c tu re  can be expressed as a l in e a r  expansion of two "modes":
-T.M. modes where the  m ag n e t ic  f i e l d  H i s  t r a n s v e r s a l  
<HX«HZ=°, H=Hy ) .
-an d  T.E. modes where the  t r a n s v e r s a l i t y  a p p l i e s  to  the  
e l e c t r i c  f i e l d  (Ex=Ez=0, E=Ey).
Once th e  wave e q u a t io n  in  e i t h e r  th e  m a g n e t ic  f i e l d  (T.M. 
case) or th e  e l e c t r i c  f i e l d  (T.E. case) has  been so lv ed ,  the  
m is s in g  f i e l d  can s im p ly  be d e r iv e d  from th e  known f i e l d  using  
combined forms of MAXWELL'S equations (Appendix 1).
The p u rp o se  o f  t h i s  s e c t i o n  i s  to  u n d e rs ta n d  th e  phenomena 
occurring in g ra t in g  in te ra c t io n s  and not to  develop the theory 
e x t e n s i v e l y  , th e  T.E. a ssu m p tio n  i s  ta k en  fo r  s i m p l i c i t y .  This 
is  not unreasonable however, since a f a i r  number of the o p tica l  
d e v i c e s  m o d e l l e d ,  d e v e lo p e d  and p ro d u c e d  to  t h i s  day 
(p a r t i c u la r ly  la se rs )  g enera lly  consider T.E. modes . Using th is  
assumption, the  fo llowing study only considers  the e l e c t r i c  f ie ld  
(E) e q u a t io n s .
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s u p e r s t r a te
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s u b s tr a te
F igure 2: Tfoe uniform  waveguide.
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Using MAXWELL'S l a w s ,  t h e  fo l lo w in g  e q u a t io n  must be 
s a t i s f i e d  by th e  e l e c t r i c  f i e l d  (in a d i e l e c t r i c  medium of index 
n , assuming a e lu,t time dependence and a e 1^ 2 z dependence):
32/ 3 x2 E + (k02n2-$ 2)E = 0 (1)
where k0=w/c.
In  th e  c a s e  d e p ic t e d  in  F ig u re  2, n can be e i t h e r  n^, n2 or 
n 3 leading to  s p e c i f i c  s o lu t io n s  fo r  each layer, 3 i s  ca lled  the 
p ro p a g a t io n  c o n s t a n t  o f  th e  e l e c t r o m a g n e t i c  wave along th e  z -  
a x i s .  Depending on th e  s ig n  o f  th e  q u a n t i t y  betw een b r a c k e t s ,  
e i t h e r  d ecay in g  or o s c i l l a t i n g  waves can take  p la c e  w i th in  th e  
c o n s id e re d  l a y e r .  P l o t t i n g  th e  q u a n t i t y  p v e rs u s  kQ le a d s  to  
d isp e rs io n  diagrams as shown in f ig u re  3. The guiding occurs w ith  
confinement of l i g h t  in the "guiding layer" when 6 i s  w ithin the 
shaded area , the  wave decaying w ith in  su b s tra te  and su p e rs tra te  
w h i l s t  o s c i l l a t i n g  in the guiding fi lm. I f  l ig h t  is  tc be guided 
(3 w ith in  the  shaded a rea),  i t  a lso  has to comply with t ransverse  
resonance cond itions  (along th e  x - a x i s ) .  This g iv e s  the g u id in g  
i t s  d i s c r e t e  c h a r a c t e r  and ta k e s  the  form of a t r a n s c e n d e n ta l  
e q u a t io n ,  c a l l e d  th e  mode e q u a t io n ,  th e  e ig e n v a lu e s  of which 
depend upon th e  l a y e r s  i n d ic e s  and th ic k n e s s e s .  The s e t  of  
e ig e n v a lu e s  (p j) g iv e s  a s e r i e s  o f  modes, r e p re s e n te d  by the  A, 
B, C and D curves in f ig u re  3. As an example, the ray approach to  
the  resonance cond ition  gives the fo llowing equation:
2mTi = T1+T2+T3 (2)
with
T1 = 2d(k02n22-p 2) 1/2 (2a)
(p2-k 02n12) / ( k 02n22-P 2) (2b)
(p2- k 02n32) / ( k 02n22-P 2) I 1/ 2 (2c)
T2 = 2tan 1 
T3 = 2tan-1
T his  e x p r e s s e s  th e  f a c t  t h a t ,  from p o in t  A to  p o in t  B in  
F ig u re  2, th e  wave s t a y s  in  p h a se ,  i . e .  th e  o p t i c a l  pa th  (Tl) 
covered a f te r  two r e f le c t io n s ,  including phase s h i f t s  on the
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Ar B, C, D mode curves p (kg)
F igu re  3: D ispersion  diagram o f a
non sym netrical uniform  waveguide.
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s u p e r s t r a t e  (T2) and on th e  s u b s t r a t e  (T3), i s  a m u l t i p l e  of 2*. 
For each  v a lu e  o f  m (mode number) th e re  i s  a 6 -c u rv e  d e f in e d  by 
equation  (2) fo r  th a t  mode number.
In  s h o r t ,  th e  p r o p e r t i e s  o f  a uniform  waveguide a re  as 
fo l lo w s :
-The wave ( E - f i e l d )  s a t i s f i e s  a second o rd e r  d i f f e r e n t i a l  
eq ua tion , d e r iv ed  from the more fundamental MAXWELL equations , in 
each lay e r  o f  index n j :
32/3 x 2 E + (kQ2n j 2-am2)E = 0  (3)
-The p ropaga tion  constan t of the wave, 6m, i s  an eigenvalue 
o f  a t r a n s v e r s a l  re so n an ce  c o n d i t io n  g iv in g  a s e t  o f  d i s c r e t e  
guided modes [6m].
A c lose r  look a t  the d ispers ion  diagram shows, besides  the 
e x is ten ce  of a s e t  of d is c re te  guided modes (Em, Bm) , the curves 
in  th e  shaded a r e a ,  a continuum of r a d i a t i o n  modes, (E(p),p),  
r a d i a t i n g  in  o n ly  one (a rea  2) or two l a y e r s  (a rea  1). A u n ifo rm  
g u id in g  s t r u c t u r e  can t h e r e f o r e  be d e s c r ib e d  as  a sy stem  
presen tin g  a continuum of ra d ia t io n  modes and a s e t  of d i s c r e te  
guided modes. A ll these  modes, e i th e r  from the continuum or from 
th e  d i s c r e t e  s e t ,  can be shown to  be o r th o g o n a l  w i th  each o th e r  
and form t h e r e f o r e  a base  fo r  the  E - f i e ld  in  th e  s t r u c t u r e  
[R ef.13]:
Et o t a l = I - cn.<z >Ein + j 9 <e-z)E<P)dp (4)
n 0
However, assuming there  is  no sca tte r ing  from the in te r fa c e s  
and t h a t  th e  m edia  a re  p e r f e c t l y  homogeneous, many modes 
(d isc re te  or continuous) might coex is t but w il l  s tay  independent 
and are not coupled to  each other [Ref.13].
A. 2) G rating  s t ru c tu re :
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The need has a r i s e n  to  provide coupling between the modes of 
t h e  u n ifo rm  w av eg u id e .  Whereas in  a c o u p le r  one m ight want to  
c o u p le  a r a d i a t i n g  mode from th e  con tinuum  to  a guided  mode 
[Ref .14-18), coupling between forward and reverse  guided modes 
i s  h igh ly  d e s i r a b le  in a la se r  [Ref.4,6,7,19). As was pointed out 
e a r l i e r ,  the  modes o f  a  uniform waveguide form an orthogonal base 
f o r  th e  e l e c t r i c  f i e l d  (equa tion  4); a change in  th e  d i e l e c t r i c  
c o n s ta n t  in troduced  by im perfections on the in te r fa c e s  w i l l  give 
r i s e  to  a d d i t io n a l  source terms in the d i f f e r e n t i a l  equation in E 
[R e f .1 3 ) .  Due t o  t h e s e  e x t r a  te rm s ,  th e  waveguide modes w i l l  be 
p e r t u r b e d ,  th e y  w i l l  no t obey th e  o r i g i n a l  e q u a t io n  and w i l l  
exchange  e n e r g y  a s  th e y  p ro p a g a te .  I f  th e  change in  d i e l e c t r i c  
co n s tan t  c o n s i s t s  of random im perfec tions on the in te r fa c e s ,  the 
guided modes w i l l  be s l ig h t ly  coupled to  the ra d ia t in g  modes and 
th e  w aveguide  w i l l  le a k .  This s c a t t e r i n g  p ro c e s s  can be p u t  to  
u se  and made c o n s t r u c t i v e  by o rd e r in g  th e  im p e r f e c t io n s  in  a 
g ra t in g  s t r u c tu r e ,  and the d i f f e r e n t i a l  equation to  be s a t i s f i e d  
by the e l e c t r i c  f i e l d  is :
32/ a x 2 + 32/ 3 z 2 + kQ^n2 (x,z) E = 0 (5)
where the g ra t in g  charac te r  appears in the geom etrical dependence 
o f  th e  r e f r a c t i v e  index n (x ,z). Two ty p e s  o f  g r a t i n g s  a re  
considered , the  corrugated grating where the index dependence is  
in  x and z and th e  p hase  g ra t in g  where th e  index  changes o n ly  
a lo n g  th e  p r o p a g a t io n  a x is  ( z - a x i s ) .  Both c a s e s  have been
e x a m in e d  [R e f  .1 3 ,1 7 ,2 0 - 2 5 ]  and l e a d  t o  t h e  sam e ty p e  o f
phenomena. For s i m p l i c i t y ,  on ly  the  phase  g r a t i n g  case  i s  
examined because the d i e l e c t r i c  constant depends only on z (which 
means th a t  the  c o n t in u i ty  of the e l e c t r i c  f i e ld  a t  the in te r fa c e s
s t i l l  leads to  sim ple conditions).
The d i e l e c t r i c  constan t takes the form: 
e (z) = n2 (z) = e 1 -  Mcos(2ttz/A) 
where A i s  the  g ra t in g  p itch .
(6)
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-mz - c o e f f i c i e n t  o f  E in  e q u a t io n  (5) depends upon z, th e  
can be w r i t t e n  as follows:
_ r >exp(ikt x) (7)
_iei ±hen e a sy  to  s e p a r a t e  th e  v a r i a b l e s  and t o  o b t a in  an 
cm Z(kt ,z) c a l le d  the  MATTHIEU equation [Ref.24]:
(kuA / i r ) 2 q c o s ( 2 z ' ) |  Z(kt ,z) = 0 (8)
kt ^ (8a) q = M(kQnA/ir) ^/2 (8b)
(8c) x' = ttx/A (8d)
—t*= d i lu t i o n s  o f  such an equation are usually  w r i t t e n  in  the
H-flErr f i r m  [Ref.24]:
= P(kt ,z )exp( iBz) (9 )
-There B i s  the  lo n g itu d in a l  wave-number, c h a ra c te r is in g  the 
jp r r r e j c e r io n  along the z -a x is ,  kt  i s  the t ra n sv e rsa l  wave-number,
r e f e r e e  t o  th e  p r o p a g a t io n  along x, and P(kt ,z) i s  a fu n c t io n
J p E i r i i  in  z of p e r io d ic i ty  A.
As ? ( k t ,z) i s  p e r i o d i c  in  z, i t  can be expanded in  a F o u r ie r
s e r i e s :
+00
P ( k t ,z)  = J pap (kt )exp(2i7rpz/A) (10)
where a p (kt ), the Fourier amplitudes are only func tions  of (kt )
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Equation (12) becomes the well-known Bragg equation :
B = Trp/A or A = n p / B  (14)
where p  i s  the  Bragg order of the in te ra c t io n .
By solving the wave equation, num erically  or a n a ly t ic a l ly ,  an 
i n d i c a t i o n  o f th e  s t r e n g th  o f  th e  co u p lin g  b e tw een  r e v e r s e  and 
f o r w a r d  w av es  can  be o b t a i n e d .  R ig o r o u s  c a l c u l a t i o n s  
[R e f .2 0 ,2 2 ,2 3 ] ,  p e r t u r b a t i o n  te c h n iq u e s  [R ef .1 7 ,3 2 - 3 4 ]  , o r  
co u p led  mode th e o ry  [R ef.4,28] can be used by th e m s e lv e s  or in 
c o m b in a t io n s  [R ef .34] and they  a l l  lead  to  r e s u l t s  p r e d i c t i n g  
the same phenomenological behaviour. D.L. JAGGAR [Ref.31] gives a 
p a r t i c u l a r l y  good i n t u i t i v e  view of what happens d u r in g  Bragg 
i n t e r a c t i o n s .  Assuming t h a t  a phase g r a t i n g  a c t s  as  a sm all  
s i n u s o i d a l  p e r t u r b a t i o n ,  the coupl ing  c o e f f i c i e n t s  between 
reverse  and forward waves are derived a t  d i f f e r e n t  Bragg orders. 
The o r ig in a l  wave is  sca t te red  into the next two space harmonics 
± 2 v / a , th o se  space  harm onics  in tu rn  s c a t t e r  i n t o  t h e i r  nex t 
o p p o s i t e  n e ig h b o u rs .  I f  the  coup ling  c o e f f i c i e n t  between two 
n e i g h b o u r i n g  s p a c e  h a r m o n ic s  i s  n , a f t e r  p s c a t t e r i n g  
in te ra c t io n s  the wave B is  seen to have coupled some energy in to  
th e  s p a t i a l  harm onic  B-2np/A which i s  su p p o sed ly  m atch ing  the  
r e v e r s e  wave -B. I t  should  be noted t h a t  such an i n t e r a c t i o n  i s  
p ropo r tiona l to  n^5 showing th a t  high order Bragg coupling is  le s s  
e f f i c i e n t  and prone to  more l o s s e s ,  due to  s e v e r a l  s c a t t e r i n g  
processes , than the lower order coupling.
A. 4) Q u a l i ta t iv e  study:
The e f f e c t s  d e s c r i b e d  can be c a l l e d  p fc^  o r d e r  Bragg 
i n t e r a c t i o n  and only  s in u s o id a l  g r a t in g s  were co n s id e re d .  
C l a r i f i c a t i o n  needs to  be made on what i s  commonly c a l l e d  a 
second or th i rd  order g ra ting . An p ^  order g ra t in g  i s  a periodic 
s t r u c t u r e  p r e s e n t in g  a p i t c h  A s a t i s f y i n g  e q u a t io n  (14). The 
fo l lo w in g  n o t a t i o n  w i l l  be used h e r e a f t e r .  A or A^ i s  used to  
d en o te  the  p i t c h  o f  a f i r s t  o rd e r  g ra t in g  (when p = l  pitch=fr/B)
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and Ap th e  p i t c h  o f  a o rd e r  g r a t i n g  (when pitch=p*A ).
Assuming a g r a t i n g  (Ap) to  have a s i n u s o i d a l  p r o f i l e ,  a 
co n s tru c t iv e  energy t r a n s fe r  be tw een fo rw ard  and r e v e r s e  wave 
occurs  by way of an p ^ 1 order Bragg in te ra c t io n .  However, i f  the 
g r a t i n g  p r e s e n t s  any n o n - s in u s o id a l  p r o f i l e  a t  a l l ,  an o th e r  
phenomenon occurs . Hie g ra t in g  can , being o f p e r io d ic i ty  (Ap) be
e x p re s s e d  a s  a s u p e r p o s i t i o n  o f  s in u s o id a l  su b -g ra t in g s  (Ap/m)
a c c o rd in g  to  F o u r i e r ' s  theorem , th e  f o u r i e r  com ponents  of each 
s u b - g r a t i n g  depend ing  on th e  g r a t i n g  shape. Take fo r  example a 
f o u r t h  o rd e r  g r a t i n g ,  c o n s t r u c t i v e  i n t e r a c t i o n s  w i l l  a r i s e  
between forward and reverse  waves as follows:
4 ^  order Bragg in te ra c t io n  by A^
Tyl2 order Bragg in te ra c t io n  by A^^
c 4-1 order Bragg in te ra c t io n  by A ^^
Assuming th a t  a- ,^ 32r a^, are  the Fourier components for the 
t h r e e  s i n u s o id a l  g r a t i n g s  A A^), the  i n t e r a c t i o n  from A^
A O
w i l l  be of th e  o rd e r  o f  a^n , from A 2  w i l l  be a 2 n and a-^  n fo r  
A^. I t  must be born in mind t h a t  th e  th re e  i n t e r a c t i o n s  may not 
add co n s tru c t iv e ly  but may well p a r t i a l l y  cancel.
A .5) Conclusion:
In  c o n c lu s io n ,  i t  appea rs  t h a t ,  q u a l i t a t i v e l y ,  re s e a rc h  
sh ou ld  be aimed tow ards  the  making o f low o rd e r  g r a t in g s  o f  
sh ap e s  p r e s e n t in g  a h igh  f o u r i e r  component in  th e  f i r s t  Bragg 
o rd e r  and u l t i m a t e l y  tow ards  th e  p ro d u c t io n  o f  f i r s t  o rder  
s inuso ida l g ra t in g s ,  thus minimising s ca t te r in g  lo s se s  and making 
th e  coup ling  betw een  re v e r s e  and fo rw ard  waves more e f f i c i e n t  
a llow ing for sm aller  devices (the product "length of in te rac t io n  
by coup ling  c o e f f i c i e n t "  i s  im p o r ta n t  in  th e  d e s ig n  of an 
i n t e g r a t e d  l a s e r ,  a g r e a t e r  co u p l in g  c o e f f i c i e n t  a l lo w s  for a 
s h o r t e r  i n t e r a c t i o n  [R ef .2 ,7 ]) .  The ch o ice  o f  th e  g ra t in g  
param eters for which fa b r ic a t io n  was undertaken w i l l  be further 
d e f in e d  a t  th e  end o f t h i s  p a r t .  The f i r s t  l i n e  o f  d e s ig n  i s  to  
produce f i r s t  or second order g ra t in g s .
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B: X-RAY LITHOGRAPHY
T h is  s e c t i o n  does no t p r e s e n t  a d e t a i l e d  s tu d y  o f  X -ray  
l i t h o g r a p h y .  I t s  pu rpose  i s  to  remind th e  r e a d e r  of a few 
p r o p e r t i e s  o f  X - r a y s  w h ic h  w i l l  be p u t  t o  u s e  in  t h e  
d e te rm in a tio n  o f  the absorbing c h a r a c te r i s t i c s  of a g ra t in g  mask 
to  be t r a n s fe r r e d  by X-ray lithography. The s e c t io n  s t a r t s  w ith 
comments on X -ray  p h y s ic a l  p r o p e r t i e s ,  f o l l o w s  on w i th  t h e i r  
g enera tion  and th e i r  l im i t a t i o n s  and co n c lu d es  w i th  g u i d e l i n e s  
fo r  the fa b r ic a t io n  of an X-ray mask.
B .l)  P h y sica l p ro p e r tie s :
X -rays  a r e  e l e c t r o m a g n e t i c  waves of very sh o r t  wavelengths 
ranging from te n th s  of angstroms (hard rays) to  tens o f  angstroms 
( s o f t  r a y s ) .  T h e ir  e l e c t r o m a g n e t i c  p ro p e r t ie s  d i f f e r  somewhat 
from those o f  o p t ic a l  waves as the r e f r a c t iv e  in d ices  a t  X-ray 
wa ve l en g t hs  a re  s l i g h t l y  l e s s  (about  10- ^) t han  u n i t y .  This  
r e s u l t s  in  v e ry  low r e f l e c t i o n s  u n le s s  the  X -ray in c id e n c e  i s  
very c lose  to  grazing angles so th a t  the c r i t i c a l  angle for to ta l  
r e f le c t io n  can be reached. Because of th e i r  wavelength being of 
th e  o rd e r  o f  in t e r a to m ic  d im e n s io n s ,  X -rays a l s o  i n t e r a c t  
s tro n g ly  w ith  c r y s ta l s  and s c a t te r in g  from every c ry s ta l lo g rap h ic  
s i t e  adds c o n s t ru c t iv e ly  due to  th e i r  pe r iod ic  arrangement. Thus 
c ry s ta l lo g ra p h ic  da ta  can be found which in i t s e l f  rep resen ts  a 
whole f i e l d  o f  r e s e a r c h .  A part from the  above c a s e ,  the  main 
p r o p e r ty  o f  X -ray s  l i e  in t h e i r  a b i l i t y  to  be abso rbed  by most 
m a te r ia ls .
B.1.1. Absorption law:
The X-ray absorption  law takes the form of Beer-Lambert law, 
[Ref.35], and perm its  the de term ination  of the adequate thickness 
of absorbing m a te r ia l  to be l i f t e d - o f f  on the X-ray masks:
I  = Ig ex p (-y t)  (15)
where IQ is  the i n i t i a l  in te n s i ty ,  t  the m ate r ia l  th ickness  and 
y t h e  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t .  The c o n s t a n t  y
19
c h a r a c t e r i s e s  th e  a b s o r p t io n ,  o n ly  d ep en d in g  on Z th e  a to m ic  
number o f  th e  a b s o r b in g  e lem en ts  in  th e  m a t e r i a l ,  and on A, th e  
X-ray wavelength. The l i t e r a tu r e  on X-ray physics  o f f e r s  a good 
range of t a b le s  g iv ing  the mass absorp tion  c o e f f i c i e n t s  for many 
e lem ents  a t  d i f f e r e n t  wavelengths [Ref.35-40].
B . 1 .2 .  H a lf-v a lu e  th ickness :
A u s e f u l  p a r a m e t e r  i s  t h e  h a l f - v a l u e  t h i c k n e s s  t h j y 2, 
t h i c k n e s s  o f  a  l a y e r  o f  m a te r i a l  such t h a t  th e  i n c i d e n t  X -ray 
i n t e n s i t y  i s  halved during propagation through the  medium. This 
p a r a m e te r  i s  l in k e d  to  th e  l i n e a r  a b s o r p t io n  c o e f f i c i e n t  by a 
s im ple  r e l a t i o n  derived  from Beer-Lambert law:
th 1 / 2  = Ln(2)/u  (16)
In order to  have an idea of how f a s t  X-rays are  a tten u a ted  i t  
i s  worth remembering th a t  the h a lf -v a lu e  th ickness  i s  le s s  than
1 0  m ic ro n s  i f  A i s  more than 6 a n g s tro m s  fo r  e v e ry  e lem en t of 
atom ic weight higher than 1 2 .
B .1.3 Absorption spectrum:
I t  i s  im p o r ta n t  to  b r i e f l y  d e s c r ib e  th e  X -ray  a b s o r p t io n  
b e h a v i o u r  o f  m o s t  m a t e r i a l s  and f i g u r e  5 i s  a t y p i c a l  
p r e s e n t a t i o n  o f  X -ray  a b so rp t io n  c h a r a c t e r i s t i c s ,  where the  
ab so rp tio n  c o e f f i c i e n t  y i s  p lo tted  ag a in s t  the wavelength A. A 
v e r y  im p o r ta n t  f e a t u r e  of X-ray a b s o r p t io n  i s  th e  e x i s t e n c e  o f  
a b s o r p t i o n  e d g e s ,  c h a r a c t e r i s t i c  t o  th e  m a t e r i a l ,  where 
absorp tion  drops sharply . X-ray wavelengths s l i g h t l y  higher than 
t h e  ed g e  w a v e l e n g t h  a r e  l e s s  a b s o r b e d  th a n  t h e  s m a l l e r  
wavelengths, the m a te r ia l  behaves as a high pass f i l t e r  and such 
a p r o p e r ty  i s  p u t  to  use in f i l t e r i n g  f o i l s  fo r  X -ray  so u rc e s  
when a r e l a t i v e  degree of monochromatisation i s  desired .
B.2) X-ray g enera tion :
X-rays can be generated by f a s t  d e ce le ra t io n  of e lec tro n s  in 
an element in which the  atomic s t ru c tu re  determ ines the em itted  
s p e c tru m . T h is  phenomenon i s  pu t to  use in X-ray l i th o g r a p h y  
systems which involve the contact p r in t in g  method. However i t  i s
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d e s i r a b l e  to  use p ro je c t io n  p r in t in g  r a t h e r  than  con tac t  p r in t in g  
(where th e  mask and s u b s tra te  are no lo n g e r  in  con tact)  in  order 
t o  e x te n d  th e  m ask 's  l i f e t i m e .  Such a  s y s te m  makes use o f  th e  
f a c t  t h a t  in  a s y n c h r o t ro n  a broad ra n g e  o f  w a v e le n g th s  (from 
microwaves to  h a rd  X -rays) i s  p roduced  [R e f .4 2 ,4 3 ] .  Before  th e  
two above systems a re  described in  more d e t a i l ,  mention must be 
made o f o th e r  devices which u t i l i s e  th e  p ro p e r ty  o f  hot and dense 
plasm as t o  e m it  X -ra y s .  Such p la sm as  can  be in d u c ed  by h ig h -  
energy  l a s e r  p u l s e s  fo c u s se d  on to  s o l i d  t a r g e t s  [R ef.4 5 ,4 6 ] ,  or 
by e n e r g e t i c  f a s t  d is c h a r g e s  under vacuum  [R e f .44]. A lthough 
commercial v e r s i o n s  o f  th e  e a r l i e s t  X - ra y  l i t h o g r a p h y  sy s te m s  
(c o n ta c t  p r in t in g )  a re  av a ilab le ,  the  s e t t i n g  up of such systems 
i s  v e r y  much p a r t  o f  a re s e a rc h  p r o j e c t  and i s  o f t e n  a d o - i t -  
y o u r s e l f  ad v en tu re .
B .2 .1  Contact p r in t in g  systems;
C ontact p r i n t i n g  i s  by f a r  th e  m ost p o p u la r  due to  i t s  low 
p r ic e  and easy se t-u p . The X-ray generator u su a lly  c o n s is ts  o f an 
e le c t r o n  gun o p e r a t in g  a t  an a c c e l e r a t i n g  v o l t a g e  about two to  
th re e  t im e s  h ig h e r  th a n  th e  minimum v o l t a g e  Vm re q u i r e d  to  
produce pho to n s  o f  w aveleng th  X. and X a r e  co n n ec ted  by th e  
PLANCK's r e l a t i o n  and, u s ing  kv and a n g s t r o m s  as  u n i t s ,  one 
o b ta in s  the  fo llow ing formula for Vm:
vm = 12 .4 /A  (17)
Once generated, th e  e lec tro n  beam i s  focussed  onto a ta rg e t .  
The in t e n s i ty  of the  e lec tro n  beam w i l l  de term ine  the  in te n s i ty  
of t h e  X -ray  beam w h i le  th e  fo c a l  sp o t  s i z e  w i l l  d e te rm in e  th e  
a rea  o f  th e  X -ray  so u rc e .  The m a t e r i a l  com posing th e  t a r g e t  
determ ines  th e  e m i t t e d  X -ray s ,  [Ref.4 7 -5 0 ] ,  a c c o rd in g  to  i t s  
em ission spectrum, an example of which i s  given in  f igu re  6 . Two 
f e a tu r e s  can be observed; a continuous background spectrum of X- 
rays produced by brem sstrahlung e f fe c t  and a d i s c r e te  spectrum of 
l i n e s  c h a r a c te r i s t i c  to  the  ta rg e t  m a te r ia l .  In theory one oould 
choose the  ta rg e t  m a te r ia l  according to  the  d e s ired  wavelength, 
a d ju s t  the  focus to  be as s trong  as p o s s ib le  in  order to  make the  
source p o in t - l ik e  and d rive  the  e lec tron  gun a t  maximum in te n s i ty
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F igure 6: X-ray em ission spectrum  by 
e le c tro n  bombardment.
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f o r  a  b r ig h t e r  source. However l im i t a t i o n s  a re  in troduced  by the  
t a r g e t .  For a f i x e d  t a r g e t  th e  l i m i t a t i o n  i s  s e t  by th e  f u s io n  
p o in t  o f  th e  m a te r ia l  and cooling systems a re  c a r e f u l ly  designed 
t o  keep  t h e  t a r g e t  t e m p e r a tu r e  down [R e f .5 1 ] ,  In  o rd e r  to  
overcome t h e  danger o f  m e l t in g  th e  t a r g e t  a t  t h e  f o c a l  p o i n t ,  
r o t a t i n g  t a r g e t s  have been developed [Ref.52]. Again, l im i t a t i o n s  
occur, due t o  the  mechanical s t r a in s  induced by th e  c en tr i fu g a l  
fo rc e  and t h e  in d u ced  te m p e r a tu r e  g r a d i e n t  [R e f .5 2 ] .  The X -ray  
beam i s  u s u a l l y  f i l t e r e d  by t h i n  f o i l s  w i th  a d e q u a te  a b so rb in g  
p r o p e r t i e s  t o  reduce i t s  bandwidth.
F igure  7 shows th e  c o n ta c t  p r i n t i n g  s e t - u p .  As r e p r e s e n te d ,  
th e  g e o m e t r i c a l  f a c t o r s  in t r o d u c e  l i m i t a t i o n s  on th e  b e s t  
r e s o lu t io n  t h a t  can be o b ta in e d  by c o n t a c t  X -ray  p r i n t i n g  
systems. Three types o f d i s to r t io n  occur as o u t l in e d  in  f ig u re  7, 
th e se  a r e  t h e  p e n u m b ria l  d i s t o r t i o n ,  due t o  t h e  f i n i t e  s i z e  of 
th e  s o u rc e ,  th e  o f f s e t  d i s t o r t i o n ,  due t o  th e  t h i c k n e s s  o f  th e  
p h o to r e s i s t  coating  on the  su b s t ra te ,  and th e  p a t t e r n  s h i f t  due 
to  the d is ta n c e  from mask to  ob ject. As an exam ple, for a pattern  
s i z e  o f  2  mm r a d iu s ,  a so u rc e  s i z e  of 1  mm d ia m e te r  and a 
d is ta n c e  s o u rc e -m ask  o f  300 mm, a r e s o l u t i o n  b e t t e r  than  0.01 
micron r e q u i r e s  th e  m a sk -o b je c t  d i s t a n c e  t o  be l e s s  th a n  3  
microns and th e  r e s i s t  t h i c k n e s s  not g r e a t e r  th a n  2.5 m icrons . 
The p a t te rn  s h i f t  w i l l  then reach a value of 0.02 microns a t  the  
edges o f  t h e  p a t t e r n .  One w i l l  t h e r e f o r e  have t o  h a l f  th e  mask- 
o b je c t  d i s t a n c e  and th e  r e s i s t  t h i c k n e s s  t o  o b t a i n  th e  d e s i r e d  
re so lu t io n .  A nother way o f  re a c h in g  th e  same r e s o l u t i o n  i s  t o  
double the  mask to  source d is tance . However the  X-ray in te n s i ty  
w i l l  th e n  be d iv id e d  by a f a c t o r  o f  4 l e a d i n g  to  very  long  
exposure t i m e s ,  l e a v i n g  more chance f o r  th e  t r a n s f e r  to  be 
a f fe c te d  by v i b r a t i o n s .  I t  i s  obv ious  t h a t  a com prom ise has to  
found.
The l i m i t a t i o n s  on t h e  c o n t a c t  p r i n t i n g  s y s te m  l e d  
re sea rch ers  t o  look  f o r  a sy s tem  w ith  reduced  s o u rc e  s i z e ,  w i th  
an increased  source-mask d is tan ce  (meters) and high in te n s i ty  X- 
ray beams t o  keep e x p o su re  t im e s  low (seconds o r  l e s s ) .  Hence 
th e  p ro je c t io n  p r in t in g  systems were developed [Ref.41-43,53,54].
B.2.2 .  P ro jec t io n  p r in t in g  system s;
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n penumbrial d i s t o r t i o n  (extended so u rc e ) : n=w*d/s
p  o f f s e t  d i s t o r t i o n  ( r e s i s t  th ick n ess ) :  p^ nax=b*t/(s-*-d)
a p a t te rn  s h i f t  (mask-object d is ta n c e ) :  ajnax=d*b/(s+d)
F igure  7: The th re e  types o f  d is to r t io n s  
in  co n tac t p r in t in g  systems.
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The g e n e r a t o r  in  such system s i s  u s u a l l y  a s y n c h r o t r o n .  A 
w ide  range  o f  X -ra y  w ave leng ths  i s  e m i t t e d ,  from  h a rd  to  s o f t  
r a y s ,  in  a w e l l - c o l l i m a t e d  beam. W avelength  s e l e c t i o n  can be 
arranged in th e  usual manner by gold m ir ro rs ,  curved c r y s ta l s  or 
f i l t e r i n g  f o i l s .  The re so lu t io n  can be made very good w ith  s t i l l  
m a n a g e a b le  d i s t a n c e s  b e tw e e n  mask and s u b s t r a t e  (cms) 
[R e f .4 1 ,4 3 ] .  D e s p i t e  t h e i r  s i z e  and t h e i r  v e r y  h ig h  c o s t  
[R e f .4 1 ] ,  and b e c a u se  th ey  o f f e r  r e l i a b i l i t y  [R e f .5 4 ] ,  such 
systems are  th e re fo re  very promising for i n d u s t r i a l  production. 
Many s t u d i e s  have been c a r r i e d  o u t  on th e  f e a s i b i l i t y  of 
p r o j e c t i o n  p r i n t i n g  sy s te m s  [Ref .4 1 ,4 3 ,5 4 ] .  T here  a r e  some in  
u se , for example in  JAPAN [FEf.41] and GERMANY [Ref.43].
B. 3) C o nc lus ion :
At GLASGOW UNIVERSITY a contact p r in t in g  system i s  av a ilab le  
f o r  use and a l th o u g h  a p r o j e c t i o n  p r i n t i n g  s y s te m  would be 
d e s i r a b l e ,  th e  d e s ig n  o f  X-ray masks has been g o ve rned  by the
l i m i t a t i o n s  o f  a c o n t a c t  p r i n t i n g  s e t - u p  so t h a t  t h e  samples  
p roduced  c o u ld  e v e n t u a l l y  be t e s t e d .  The d e s ig n  was s e t t l e d  
along the fo l lo w in g  gu ide lines:
-The t a r g e t  m a te r ia l  and the mask absorbent was chosen so as 
to  match th e i r  re sp e c t iv e  emission or absorp tion  c h a r a c t e r i s t i c s ,  
th e r e b y  m in im is in g  th e  a b so rb en t  th i c k n e s s  and a l lo w in g  fo r  a 
decent mask c o n t r a s t .
-The mask m ust be m e c h a n ic a l ly  s t ro n g  in  o r d e r  to  s u s t a i n  
repeated use and in t im a te  contact w ith  the s u b s t ra te .  This means 
t h a t  the absorbing p a t te r n  must be p a r t i c u la r ly  well p ro tec ted .
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C: X-RAY MASK CHARACTERISTICS
Based on th e  p r i n c i p l e  l a id  down in  th e  p r e v io u s  s e c t i o n s ,  
t h e  X - r a y  m a sk s  c h a r a c t e r i s t i c s  w i l l  be c h o s e n .  The 
c h a r a c t e r i s t i c s  a re  d ivided in to  th ree  d i s t i n c t  p a r t s .  They are :
-The genera l  design.
-M a te r ia l s  choice.
-G eom etrical parameters.
C .l)  General design :
The b a s i c  scheme of an X-ray mask i s  shown in  f i g u r e  8 . 
Follow ing h in t s  and suggestions from the  l i t e r a t u r e  [Ref.55-59], 
an improved design has been brought about. The mask c o n s is ts  of
the fo llo w in g  parts:
-Supporting m ate r ia l .
-X-ray t ra n sp a ren t  membrane.
-A bsorbent p a t te rn .
-P ro te c t iv e  l a y e r ,  
and i s  fa b r ic a te d  along the following s te p s :
-Cleaning p rocedure.
- P h o to r e s i s t  coating.
-R e s is t  p a t te r n in g .
-Metal l i f t - o f f .
-Window opening.
27
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tra n s p a re n t
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Figure 8: A typ ica l X-ray mask.
-P ro te c t iv e  layer deposition .
as shown in  f ig u re  9.
C- 2) Choice o f  m aterials:
For th e  sup p o rtin g  m a te ria l and the membrane, a s i l ic o n  wafer 
c o a te d  w i th  a s i l i c o n  n i t r i d e  la y e r  was ch o sen . T h is  ch o ice  i s  
j u s t i f i e d  by th e  f a c t  t h a t  s i l i c o n  te c h n o lo g y  i s  now so w e l l  
e s ta b l i s h e d  and th a t  the  growing of la y e r s  such as s i l ic o n  oxide 
o r s i l i c o n  n i t r i d e  i s  now done as a m a t te r  o f  ro u t in e  w ith  
e x c e e d i n g l y  good r e l i a b i l i t y  (C.V.D., M.B.E. and o t h e r s ) .  
M oreover,  s i l i c o n  n i t r i d e  membrane f a b r i c a t i o n  (exc lud ing  th e  
growing procedure ) i s  now a routine procedure [Ref.60] and i t  i s  
ra th e r  fo r tu n a te  t h a t  they are r e l a t iv e ly  t ra n sp a ren t  to X-rays. 
Concerning the  absorbing m a t e r i a l ,  a dense  e le m e n t  i s  re q u i re d  
(leading to  s trong  X-ray absorption) which must be easy to l i f t ­
o f f  (Figure 9c-d). For th i s  purpose gold i s  very su i ta b le  and is  
o f t e n  used  in  X -ray  l i th o g ra p h y .  From t a b l e s  prov ided  by 
[R ef .3 7 ] ,  c a l c u l a t e d  h a l f - v a lu e  le n g th s  fo r  go ld  and s i l i c o n  
n i t r i d e  have been p lo t te d  versus wavelength (f igure  10). Figure 
1 1  p re se n ts  th e o r e t ic a l  values (derived from f ig u re  1 0  re su lts )  
fo r  th e  c o n t r a s t  o f  a 1 0 0  nm th ic k  g o ld -a b s o rb e r  mask a t  
d i f f e r e n t  w a v e le n g th s .  For th e  b e s t  p o s s i b l e  c o n t r a s t  the  p l o t  
i n d i c a t e s  a t h e o r e t i c a l  b e s t  va lue  of 30 a n g s tro m s  fo r  X-ray 
wavelength. U nfortunate ly  the choice is  l im i te d  by the ex istence  
o f  m a t e r i a l s  e m i t t i n g  in  t h i s  a re a  of th e  sp ec tru m . There o n ly  
a re  two t a r g e t  m a t e r i a l s  a v a i l a b l e ,  e i t h e r  copper (1.34 nm) or 
carbon  (4.48 nm) [R ef.54]. I t  was dec ided  to  use the  KQ carbon 
l in e  so th a t  the c o n tra s t  is  f a i r l y  high allowing th in  layers  of 
gold to  be used (around 100 nm) [Ref.61-63]. Moreover, the X-ray 
r a d i a t i o n  w i l l  be w e l l  a b s o r b e d  by t h e  X -ra y  r e s i s t  
[Ref.53 ,64 ,65] on th e  s u b s t r a t e ,  due to  th e  long w avelength  of 
the  X -ra y s ,  th u s  th e  t h i n  l a y e r s  of r e s i s t  would m in im ise  th e  
o f f s e t  d i s to r t i o n  as described previously. Ihe only drawback of 
such a c h o ic e ,  i . e .  s o f t  X -rays , i s  t h a t  th ey  w i l l  be n o t ic e a b ly  
abso rbed  in  th e  s i l i c o n  n i t r i d e  membrane which w i l l  r e s u l t  in  
f a i r l y  long exposure times. I t  must be noted th a t  absorption in 
th e  membrane has no e f f e c t  on the  mask c o n t r a s t  which on ly
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a) Cleaning and r e s i s t  
co a tin g  o f  the s u b s t r a te .
b) P h o to r e s i s t  g ra t in g  
fab r  ic a t io n .
p  n  n o  n r - T n m n  n  ri
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c) Absorbent m ate ria l  
evaporation .
d) Removal of the 
p h o to r e s i s t  ( l i f t - o f f )
e) Opening of the 
back window.
f) Deposition of a 
p ro te c t iv e  l a y e r .
A ^  A ^  a .
Figure 9: The s ix  fa b r ic a tio n  s te p s  involved 
in  th e  production o f an X-ray mask.
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depends on i t s  absorbent q u a l i t ie s .
As a conclusion to th i s  paragraph, the c h a r a c t e r i s t i c s  of the 
X -ra y  masks a re  sum m arised. The X -ray  mask i s  to  be made of a 
gold  p a t te rn  l i f t e d - o f f  onto a s i l i c o n  n i t r i d e  membrane supported 
by  a s i l i c o n  w a fe r d e sig n ed  fo r  X -ray  p r i n t i n g  a t  th e  carbon  Ka 
l i n e  44.8 angstroms.
C.3) Geometrical factors:
The geom etrica l c h a r a c te r i s t i c s  to  be considered are :
-The g ra t in g  p itch .
-The membrane area and th ickness .
-The gold thickness.
The gold th ickness  must be chosen so th a t  i t  i s  easy to l i f t ­
o f f  and y e t  th ic k  enough to  p rov ide  a good c o n t r a s t  under X-ray 
e x p o su re .  As seen  in  s e c t io n  B, a th i c k n e s s  around 100 nm w i l l  
g ive  an acceptable  co n tra s t .
A lthough a t h i n  membrane i s  d e s i r a b l e  fo r  good X-ray 
tran sm iss io n , i t  must be sturdy enough so th a t  the  mask does not 
break a t  the f i r s t  exposure. Membranes of th icknesses  over 50 nm 
a re  now fab rica ted  ro u tin e ly  with good r e l i a b i l i t y .  The membrane 
th ick n esses  w il l  be kept between 50 and 100 nm. A d e f in i t e  value 
i s  no t y e t  g iven  fo r  i t  w i l l  be e x p la in e d  how, by j u d i c i o u s l y  
choosing the s i l i c o n  n i t r id e  th ickness , the l i f t - o f f  process can 
be made successfu l [Ref.67].
The g r a t in g  p i t c h  and membrane a rea  (and t h e r e f o r e  p a t t e r n  
area) are determined by the requirements of the o p to e lec tro n ic s  
in d u s t r y .  A th o rough  sea rc h  th rough  th e  p a s t  f i v e  y e a r s  of 
r e s e a r c h  [Ref.8 -1 1 ,6 8 -9 6 ]  shows a t re n d  tow ards  the  use o f  
semiconductor such as GaAs, InP, GaAlAs, GalnAsP, and other III-V  
t e r t i a r y  or q u a t e r n a r y  com pounds, in  th e  f a b r i c a t i o n  o f  
i n t e g r a t e d  l a s e r s .  The g r a t in g  d im ens ions  r e q u i r e d  fo r  the
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p r o d u c t io n  o f  DFB or DBR l a s e r s  range from a few h u n d red s  to  a 
th o u san d  m ic ro n s  f o r  the  le n g th  and a round t e n s  o f  m ic ro n s  fo r  
t h e  w id th .  I t  was t h e r e f o r e  d ec ided  to  p roduce  1 mm a re a  
m e m b ra n e s  c o a t e d  w i th  a g r a t i n g  p a t t e r n  in  v ie w  o f  th e  
f a b r i c a t i o n  o f  d i s t r i b u t e d  f e e d b a c k  l a s e r s  o p e r a t i n g  a t  
w a v e le n g th s  in  th e  range  0.8 to  1.7 m ic ro n s  in  m edia  o f  i n d i c e s  
a r o u n d  3.5 by f i r s t  or s eco n d  o r d e r  B ragg  i n t e r a c t i o n s .  
C a l c u l a t i o n s ,  u s in g  the  mode-matching fo rm u la  (14), le ad  to  
g ra t in g  p i tc h e s  ranging from 0.12 to  0.45 microns.
T h is  co n c lu d e s  th e  "General t h e o r e t i c a l  background" p a r t  of 
th e  t h e s i s .  The n e x t  two p a r t s  d e a l  w i th  th e  t h e o r e t i c a l  s tu d y  
and the f a b r ic a t io n  o f  metal g ra t in g s  in  view of the  production 
o f  a X-ray mask whose c h a r a c te r i s t ic s  a re  summarised in f ig u re  
12 .
Grating p i tc h  ranging from 0.12 to  0.45 micron
1 0 0  rm th ick  
Au p a t te rn
1  mr,' 
a rea
X-ray ra d ia t io n  
(4.48 nm) 
Carbon
50
S i3]
Figure 12: The ch a ra cter is tic s  o f an X-ray 
■ask and i t s  environment.
to  1 0 0  nm 
I4  membrane
S il ico n
su b s tra te
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FART I I
THEORETICAL STODY
D e ta i l e d  i n v e s t i g a t i o n  o f  th e  h o lo g ra p h ic  
p rocess , computer s im ula tion .
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Hie f a b r i c a t io n  o f  1  mm  ^ g ra tings , of p i t c h  ranging from 0 . 1 2  
to  0.45 m ic ro n ,  h a s  been undertaken . T h is  p a r t  d e a l s  w i th  th e  
reco rd in g  o f  su c h  g r a t in g s  in  a p h o t o r e s i s t  l a y e r  c o a tin g  a 
s i l i c o n  n i t r i d e / s i l i c o n  su b stra te .
H iere  a re  two a l t e r n a t iv e  ways of p r in t in g  g ra t in g s .  E lec tron  
beam l i t h o g r a p h y  i s  th e  m ost s o p h i s t i c a t e d  means o f  do ing  i t  
[Ref.10 ,97]. I t  s a t i s f i e s  the  very high r e s o lu t io n  requirements 
and a l l o w s  f o r  g r e a t  v e r s a t i l i t y  p a r t i c u l a r l y  when making 
quarter-w ave s h i f t e d  [Ref.98,99], chirped g ra t in g s  and any o ther 
unconventional s t r u c t u r e s  or l i n e  p r o f i l e s .  However, a l th o u g h  
th e re  obviously  i s  g rea t  p o te n t ia l  in today 's  E-Beam systems for 
g ra t in g  g e n e r a t i o n ,  th ey  canno t y e t  m eet th e  o v e r a l l  s i z e  
requirem ents. P in-cushion  or b a rre l  d i s t o r t i o n s ,  due to  inherent 
a b e r ra t io n s  w i t h i n  th e  e l e c t r o n  sca n n in g  sy s te m ,  l i m i t  th e  
l a r g e s t  g r a t i n g  a r e a s  t h a t  can be o b ta in e d  by e l e c t r o n  beam 
lith o g rap h y  to  l e s s  th an  400 square  m ic ro n s  [R ef .10]. Moreover, 
s t i t c h i n g  e r r o r s  occur when attem pting to  p r i n t  la rg e r  g ra tings  
by m echanically  moving the recording sample.
An a l t e r n a t i v e  method has been in  use  f o r  a long t im e . I t  
takes  advantage o f  the  o p t ic a l  phenomenon a r i s i n g  when two beams 
of coheren t l i g h t  meet. As the  in te r fe re n c e  arrangement c le a r ly  
resembles a hologram generation bench, i t  i s  o f te n  re fe rred  to  as 
holographic  p r i n t i n g .  I f  by h o lo g ra p h ic  p r i n t i n g  one d e s ig n a te s  
the r e c o r d in g  o f  i n t e r f e r e n c e  f r i n g e s  b e tw een  o b je c t  and 
re fe rence  beam th e  a p p e l l a t i o n  i s  q u i t e  a d e q u a te .  H o lograph ic  
g ra t in g s  have been  made a t  GLASGOW UNIVERSITY s in c e  1973 
[Ref.100-102] and d e s p i t e  having  been in  use  f o r  such a long 
time, recording g ra t in g s  on a holographic bench s t i l l  requ ires  a 
b i t  of " s a v o i r - f a i r e *1 and a l o t  of patience.
The work u n d e r ta k e n  was tw o - fo ld .  A p a r t  from us ing  th e  
holographic p rocess as a mean of generating  g ra t in g s  towards the 
design o f  an X -ray  mask, th e  purpose o f  ou r  work was a l s o  to
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improve th e  r e l i a b i l i t y  and p r e d i c t a b i l i t y  o f  th e  h o lo g ra p h ic  
p rocess . To t h i s  end a t h e o r e t i c a l  s tu d y  o f  th e  p ro c e s s  was 
c a r r ie d  o u t. I t  in c lu d e s  th e  e x a m in a tio n  under g a u s s ia n  o p t ic s  
form alism  o f a t y p i c a l  h o lo g ra p h ic  a rra n g em en t ( s e c t io n  A), i t  
fo llow s on w i th  a t h e o r e t i c a l  f o r m u la t io n  o f  th e  i n t e r f e r e n c e  
phenomenon w i t h i n  a  m u l t i l a y e r  s y s te m  ( s e c t i o n s  B&C) and  
concludes w i th  a  com puter s im u la t io n  o f  th e  g r a t i n g  re c o rd in g  
p ro cess  in  a p h o to re s is t  lay e r (sec tio n  D).
A: CPnOtt, BBCT SKD?
A fte r  a  b r i e f  r e v ie w  o f  t h e  c l a s s i c a l  s e t t i n g s  f o r  a 
ho lograph ic  bench , a g a u s s ia n  a n a l y s i s  o f  a t y p i c a l  s e t - u p  i s  
p resen ted . Hie sec t io n  concludes on a j u s t i f i c a t i o n  fo r  the  plane 
wave approxim ation o ften  assumed when p r in t in g  g ra t in g s .
A.1) H e  holographic arrangements
G rating  genera tion  involves th e  recording of the  in te r fe re n c e  
p a t t e r n  e x i s t in g  in  the  meeting a rea  of two coherent beams. On a 
ho lograph ic  bench, th e  two beams o r i g i n a t e  from th e  same l a s e r  
u n i t  and th e  d i v i s i o n  i s  done by a b e a m - s p l i t t e r  ( in  our c ase  a 
h a l f  r e f l e c t in g  m irro r) .  Both beams cure then re d i re c te d  onto the 
sample t h e  i n t e r f e r e n c e  p a t t e r n  i s  to  be r e c o rd e d  on. When a 
beam o f l a s e r  l i g h t  i s  generated, th e  fundamental o p t ic a l  l in e  i s  
surrounded by a p a t t e r n  o f  s p e c k l e s  due t o  a  s c a t t e r i n g  
phenomenon and i t  i s  o ften  necessary  to  "clean" such a beam, w ith 
a s p a t i a l  f i l t e r i n g  system which w i l l  remove the unwanted s p a t i a l  
f req u en c ies ,  before  g ra tings  can be produced.
Components of a holographic arrangement:
-Laser l i g h t  generator 
-Beam s p l i t t e r  
-R ed irec ting  m irrors  
-S p a t i a l  f i l t e r i n g  system 
-Sample holder
H iere a r e  many ways o f  c h o o s i n g  and  a r r a n g i n g  t h e s e  
components t o g e t h e r ,  each a l t e r n a t i v e  h av ing  i t s  own drawbacks 
and a d v an ta g e s  [Ref.103,104].
Hie a rran g em en t which was used  in  t h i s  work i s  shown in  
f ig u r e  13. A t h r e e - m i r r o r  a r ra n g e m e n t  [Ref.100-102] cou ld  have 
been used. I t s  main advantage over a tw o-m irror se tup  i s  th a t  the 
enhancement o f  th e  beam d e f e c t s  c au sed  by th e  l a t e r a l  in v e r s io n  
phenomenon i s  prevented by the  t h i r d  re f le c t io n .  However, adding 
a t h i r d  m irror to  the  setup  would:
-  Complicate the alinement procedure
-  In troduce f u r t h e r  d e f e c t s  i n  th e  beam due to  d e fo rm a t io n  of 
t h i s  e x t r a  o p t i c a l  s u r f a c e ,  o r  to  any sp e c k le  o f  d u s t  ly in g  
on i t .
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-  Destroy th e  sym m etry  o f  th e  beam 's  l i g h t  i n t e n s i t y ,  th u s
degrading the  in te r fe re n c e  f r in g e s  co n tra s t .
A r w o - m i r r o r  a r ra n g e m e n t  was t h e r e f o r e  chosen  and th e  l a t e r a l  
i n v e r s i o n  phenomenon c irc u m v en ted  by p l a c i n g  a s p a t i a l  f i l t e r  
jr r . i t  be tw een  each  r e d i r e c t i n g  m i r r o r  and th e  sam ple  h o ld e r .  
r - m  i mat in g  l e n s e s  a r e  o f t e n  used  t o  t r a n s f o r m  th e  s p h e r i c a l  
g a u s s i a n  waves i s s u i n g  from th e  f i l t e r i n g  u n i t s  i n t o  p lan e  
g c u s s ia n  waves. However, in c lu s io n s  or bubbles in  such len ses  can 
s '  s o in troduce  p e r tu rb a t io n s  in  the  o p t ic a l  w avefronts and th is  
i s  why i t  was d e c id e d  n o t  to  use  them. P r o v i s io n  was a l s o  made 
f o r  t h e  f r o n t  p r i s m  te c h n iq u e  w hich  c o n s i s t s  in  a r t i f i c i a l l y  
lo w e r in g  the  l i g h t  wavelength by the  use of an " input medium" (a 
c l a s s  prism) of a  higher r e f r a c t iv e  index than a i r  [Ref.105,106].
A. 2) in t e r f e r e n c e  p a t te rn ;
Before going in to  more d e t a i l s  on the  theory of gaussian  beam 
p ro p ag a tio n  and applying i t  to  the  o p t ic a l  s e t-u p  f ig u re  13, the 
s e r i - q u a n t i t a t i v e  re a so n in g  below  d e s c r ib e s  th e  b eh av iou r of a 
t y p i c a l  h o lo g r a p h ic  a rrangem en t. A l a s e r  beam i s  d iv id e d  by a 
beam s p l i t t e r ,  of a design assuring  a 50-50 s p l i t ,  in to  two beams 
of eq u a l  i n t e n s i t y .  Both beams a re  made to  converge  on the  
reco rd ing  medium by r e d i r e c t i n g  m i r r o r s .  B efo re  th ey  a c t u a l l y  
i n t e r f e r e  th ey  a re  s p a t i a l l y  f i l t e r e d .  A p in h o le  p la c e d  a t  or 
near  th e  f o c a l  p o i n t  of a good q u a l i t y  s h o r t - f o c u s  converg ing  
l e n s  ( in  our c a se  f . l .  o f  2 0  mm) w i l l  remove unwanted n o is e  and 
s p a t i a l  f r e q u e n c i e s  ( p r o v i d i n g  l e n s  and  p in h o le  a r e  w e ll  
ad ju s te d ) .  Som etim es a long  f o c a l  l e n g th  c o n v erg in g  l e n s  i s  
p laced  so th a t  i t  forms an afocal system w ith  the sh o r t  len s ,  the 
d iverg ing  beam coming from the pinhole becomes co ll im a ted  (hence 
th e  name of c o l l i m a t i n g  le n s )  i n t o  a p a r a l l e l  beam. I t  w i l l  be 
seen th a t  such a combination of sho rt  lens-p inho le - long  le n s ,  not 
only c a r r i e s  o u t  th e  f i l t e r i n g  bu t a l s o  expands th e  beam in  a 
r a t i o  equal to  the  q u an ti ty  long foca l le n g th /sh o r t  foca l length. 
Provided th e  two beams a re  of equa l i n t e n s i t y  and o f sym m etr ic  
incidence when th e y  s t r i k e  th e  r e c o rd in g  sam ple, good q u a l i t y  
g ra t in g s  can be obtained [Ref.107]. I f  each beam i s  assumed to  be 
a p la n e  wave ( j u s t i f i c a t i o n  i s  p r e s e n te d  below) o f  v e r t i c a l  s -  
p o la r iz a t io n  a s  d e f i n e d  in  f i g u r e  14, i t  c an  be shown
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(Appendix.1) t h a t  a  p e r io d ic  p a t t e r n  o f  v e r t i c a l  l i n e s  e x i s t s  
w ith a p e r io d ic i ty /w  th e  g ra tin g  p itc h , s a t i s f y in g  th e  equation:
A = x/(2nsine) (18)
where e i s  the  angle o f in cidence, A the l ig h t  wavelength (in a 
vacuum) and n the  index of the "input medium". Leaving aside the 
f ro n t p rism  technique where n, the  prism  index , i s  g re a te r  than 
1, eq u ation  (18) takes the sim pler form:
In  th e  f a b r i c a t i o n  o f  g r a t i n g s ,  th e  p i t c h  A i s  the  g iven  
q u an ti ty  and the holographic bench is  se t  to  the  angle given by:
I f  th e  f a b r i c a t i o n  o f g r a t i n g s  p r e s e n t in g  a p i t c h  s m a l le r
than  x/2 i s  e n v is a g e d ,  the  f r o n t  p rism  te c h n iq u e  must be used. 
However, even though one m ight th in k  t h a t  a h ig h  index in p u t  
medium and a g ra z in g  in c id e n ce  would be th e  m ost p rom ising  
s o lu t i o n  to  s h o r t  p i t c h e d  g r a t in g  f a b r i c a t i o n ,  th e  in c r e a s e  in  
th e  beams c r o s s  s e c t io n  due to  t h i s  s e t t i n g s  d r a m a t i c a l l y  
enhances the  beams de fec ts  and sp o ils  a l l  such hopes.
The most im portant po in ts  in the arrangement of a holographic 
bench have been m entioned . The absence o f  a c o l l i m a t i n g  le n s  
gives r i s e  to  long exposure times since the beam in te n s i ty  is  not 
focussed  i n t o  a p a r a l l e l  beam but d iv e rg e s  to  i n f i n i t y .  I t  was 
found th a t  t h i s  i s  not de tr im en ta l to the g ra t in g  q u a l i ty .
A. 3) G aussian form alism :
I t  i s  n e c e s s a r y  to  inv o lv e  g au ss ian  o p t i c s  any t im e  a l a s e r  
beam is  used because of th e i r  gaussian p ro f i le .  The formalism can 
be examined in f u l l  d e t a i l s  in [Ref .108,109]; the  purpose of th i s  
pa rag raph  i s  to  r e s t a t e  the  b a s ic  p r o p e r t i e s  o f  g a u s s ia n  beams 
and th e i r  t ran s fo rm a tio n  through op tica l systems.
A.3.1. Gaussian wave c h a ra c te r i s a t io n .
A = x/(2sine) (19)
e = s in  -*• ( A/2A) ( 2 0 )
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W ith in  t h e  n o t a t i o n  in  f i g u r e  15, the  wave e q u a t io n  and th e  
assumption t h a t  the  wave p re sen ts  a symmetry of revo lu tion  leads 
to  the fo llow ing  re p re se n ta t io n  for the e l e c t r i c  f i e ld :
E = EQexp(-ikz)exp - i [ P (z )+ k r2/(2q(z))  ] (21)
where q(z) = z+qQ, k - 2 m /  x and
P(z) = - i l / i  (1+z/qg) (21a)
qQ s a t i s f i e s :
q 0 = iimw02/x  (21b)
where Wq, c a l l e d  the w ais t  of the  beam, i s  the h a lf -w id th  a t  1/e  
p o in ts  fo r z=0.
The q u a n t i t y  q(z) can be decomposed in  te rm s  o f  the w a is t  
w(z) and the  rad ius  of curvature  R(z) a t  a z -p lane:
l /q ( z )  = 1/R(z) -  ix/fimw2 (z)) (22)
with
w2 ( z )  =  W q2 ( l + z 2 / z 0 2 ) (22a)
and
R(z) = z ( l+ z 02/ z 2) (22b)
where the q u a n t i ty  Zq has been introduced for ease o f  w riting  and 
s a t i s f i e s :
Zq = TrwQ2n/x (22c)
Equation (21) can then be re w r i t te n  as:
E = E0 (T1)(T2) (T3) (23)
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W(z)
z=0 z
* z propagation a x is .
* r d is tan ce  from a x is .
* th e re  is  no coordinate  e s ince the  ax ia l  symmetry i s  assumed. 
*wq i s  the w a is t  of the beam and w(z) the w aist a t  plane
z such th a t :  E(z,w) = E ( z ,0 ) l / e
* note th a t  z i s  always re fe rred  to  the "focal"  plane where the 
w ais t  i s  a t  i t s  minimum.
* e i s  the h a l f  angle of the beam when z-*®.
F igure  15: Geometry of a  gau ssian  beam.
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w ith
T1 = (l+z 2 / z 0 2 ) ” 1 / 2 (23a)
T2 = e x p  -ilkz-tan""^ ( z / z q ) ) (23b)
T3 = exp - r 2 [l/w 2 (z )+ ik /(2 R (z)) ] (23c)
I t  i s  c l e a r  from e q u a t io n  (23) t h a t  th e  te rm  (Tl) d e s c r i b e s  
t h e  a t t e n u a t i o n  o f  th e  wave as  i t  d iv e rg e s  from th e  w a i s t .  The 
te rm  (T2) d e s c r ib e s  p ro p a g a t io n  a long  the  z - a x i s  and th e  te rm  
(T3) r e p r e s e n t s  th e  t r a n s v e r s a l  a t t e n u a t i o n ,  i . e .  th e  g a u s s ia n  
p r o f i l e  of the wave.
In conclusion, in order to f u l l y  c h a rac te r ise  a gaussian beam 
a t  any p o in t  M, o f  c y l i n d r i c a l  c o o r d in a te s  ( r ,z )  ( the  an g le  i s  
d ropped  due to  th e  sym m etry and th e  z - o r i g i n  i s  taken  a t  the  
fo cu s  of the  beam, r e a l  or v i r t u a l ) ,  one only needs to  know the  
q u a n t i t y  wq, w a i s t  o f  th e  beam. The q u a n t i t y  Zq i s  d e r iv e d  from 
wq us ing  fo rm ula  (2 2 c) which in  tu rn  i s  re p la ce d  in  e q u a t io n s  
(22a) and (22b) le a d in g  to  the  v a lu e s  o f  w and R (or the  complex 
g u a n t i ty  q as defined by (22)) a t  the z plane. Equation (23) then 
f u l l y  rep resen ts  the gaussian wave.
A .3.2. Waist of a l a s e r  beam.
Going back to  e q u a t io n  (2 2 a ) , i t  i s  i n t e r e s t i n g  to  f in d  th e  
express ion  of the q u a n t i ty  w/z when z increases to in f in i ty .
The q u a n t i t y  (w /z ) .  i s  r e l a t e d  to  th e  h a l f - a n g l e  6 o f  the  
d iverg ing  beam as shown in figu re  15 by:
A la s e r  beam being very close to  a p a r a l l e l  beam has very l i t t l e  
d iv e rg e n c e  and e i s  a good a p p ro x im a tio n  fo r  tane  . T h e re fo re ,  
m easu r in g  the  h a l f - a n g l e  of a l a s e r  beam a t  i n f i n i t y ,  or a t  a
(w /z ) .  = w0 / z 0  = X/(7TW0 n) (24)
(w /z ) .  = tane (25)
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d i s t a n c e  f a r  g r e a t e r  th a n  zQ to  be p r e c i s e ,  le a d s  to  th e  l a s e r  
w a i s t  wq. The n e x t  s t e p  c o n s i s t s  o f  m easuring  the  w a is t  o f  th e  
beam a t  the output window o f  the la se r  and deriv ing  the lo c a t io n  
of the w aist w ith r e s p e c t  to  the fro n t of the la se r  from equation  
(22a). As an exam ple , th e  SPECTRA-PHYSICS argon ion l a s e r  used  
during th i s  work i s  s p e c i f ie d  to  have an output beam diam eter of 
1.3 mm a t  a wavelength o f  457.9 nm and a divergence angle (2e) of
0.5 m i l l i r a d i a n s  [R e f .110]. T h is  d a ta  le a d s  to  a w a i s t  o f  583 
microns s i tu a te d  1.15 m etres  behind the output window ( th is  i s  in 
ag reem en t w ith  th e  l a s e r  c a v i t y  c o n f ig u r a t io n  formed by a 
converging output m ir ro r  and a f l a t  r e f le c to r  a t  the back end).
A .3 .3 . Transform ation o f a gaussian beam by a converging le n s .  
The l a s t  s t a g e  in  g a u s s ia n  fo rm a lism  c o n s i s t s  in  d e r iv in g  
equations for the focussing  of a la se r  beam by a converging len s . 
I h i s  sec tion  is  p a r t i c u l a r l y  usefu l as the focal spo ts ize  must be 
known when s p a t i a l  f i l t e r i n g  i s  bo be ca r r ied  out.
Within the th in  len s  approximation, going through a lens does 
not change the beam d iam eter  but only introduces a phase fa c to r  
[R ef .109]. From th e  g e o m e t r i c a l  o p t i c s  th e o ry ,  the  phase  te rm  
introduced by a lens  of focal length f between input and ou tpu t 
surfaces  is :
phase s h i f t  = exp iTrr ^ / ( x f ) (26)
When t h i s  phase s h i f t  i s  in tro d u c e d  in  term  (T3) o f e q u a t io n  
(23c), i t  becomes c l e a r  t h a t  th e  le n s  t r a n s f o r m a t io n  i s ,  u s in g  
subsc r ip t 1  for the len s  input plane and su b sc r ip t  2  fo r the lens  
output plane:
Wj = W2  (27a)
1/R2  = l / f c j - l / f  (27b)
I t  w il l  be 9 een th a t  fo r  a la se r  beam, R-^  i s  fa r  g rea te r  than 
f  which means th a t  R2  becomes negative ind ica ting  th a t  the wave 
i s  no longer d iv e r g in g  b u t  converges  tow ards  a new fo c a l  p o in t
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( lo ca t io n  o f  the w a is t  WQ2 ). The new w a is t  s iz e  and i t s  d is ta n ce  
from the len s  as defined  in f igu re  16, a re  given by:
w02 = W01 (28a)
and
d 2  = f+ f 2  (<31—f) ( d l - f ) 2 +(irw0 1 2 / x ) 2  - 1 (28b)
A.3 .4 . Determination o f  the  f i l t e r i n g  param eters .
The h o l o g r a p h i c  b en ch  s t u d i e d  w i t h i n  t h i s  s e c t i o n  i s  
g e o m e tr ic a l ly  described in f igu re  17.
From the  la se r  w a is t  Wq^  (583 microns) to  the input surface  
of the len s , the d is ta n ce  d^ i s  2460 mm and the  focal length f  of 
the  lens i s  20 mm. Using equation (28a) and (28b) with x=457.9 nm 
leads  to:
d 2  = 20.09 mm (29a)
Wq2  = 3.5 micron (29b)
I t  i s  in te re s t in g  to  no tice  th a t  the d is tance  d2  i s  very c lose  to 
th e  fo c a l  le n g th  of th e  le n s .  In  p r a c t i c e  th e  p o s i t i o n  o f  th e  
p in h o le  w i l l  be s e t  a t  th e  f o c a l  p la n e  o f  th e  l e n s ,  a s  in  
geom etrica l  o p t ic s ,  and adjusted with a micrometer t r a n s la t io n  
s tag e  (the adjustment procedure is  described in  the experimental 
re p o r t ,  p a r t  I I I ) .
To d e te rm in e  th e  s i z e  o f  the  p in h o le ,  i t s  d ia m e te r  must be 
g r e a t e r  th a n  2wq2t i . e .  g r e a t e r  than  7 m icron . A 10 m icron  
d ia m e te r  p in h o le  w i l l  l e t  th rough  more th an  98% of the  l i g h t  
in t e n s i ty  (from square of equation (23)) and appears to carry  out 
the  s p a t i a l  f i l t e r i n g  in a s a t i s fa c to ry  manner. When i t  reaches 
the recording sample, the beam diameter should have increased to 
about 16 mm (from equation (22a)). This was however not observed 
because  th e  c i r c u l a r  a p e r tu r e  (p in h o le ) ,  o v e r la p p in g  th e  beam 
p r o f i l e ,  spreads the beam in te n s i ty  among d i f f r a c te d  orders.
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n=l
d j  focal f  62
^ ^
%
1/R2  = l / R j - l / f  wx=w2
Figure 16: T ransform ation o f  a  gaussian  
beam by a converging le n s .
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d2
sample ^  z=2460 mm
holder
f  .1 .=20 ittti
 Z=2150 fTTTi
s p a t ia l  f i l t e r i n g  
v p in h o les
z=2460 mm
z=2150 irm
do=20.09 mm
Ar
457.9 nmwno=3.5 micron
wn=583 micron
z= 0
Figure  17: D escrip tio n  o f the  arrangem ent subm itted 
to  the  gaussian form alism .
Determination of the w aist and i t s  
p o s i t io n  a f te r  the lens (d2 /WQ2 )
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A* 4) Approximation to  a p lane  wave:
I t  was dec id ed  to  i n v e s t i g a t e  th e  geom etry  o f  the  g r a t i n g  
p a t t e r n  generated by in te rfe re n c e  between two s p a t i a l ly  f i l t e r e d  
gaussian  non-oollimated beams.
A.4.1 Notation and assumptions:
The ca lc u la t io n s  must take in to  account the  gaussian nature  
o f  each beam and th e  d i f f r a c t i o n  from th e  p in h o le s .  To t h i s  
e f f e c t ,  th e  n o t a t i o n  o u t l in e d  in  f i g u r e  18 was adop ted . Two 
assumptions were a lso  made:
-The Gauss approximation which w i l l  be j u s t i f i e d  fu r th e r .
-A to ta l  symmetry was assumed between the two beams as t h i s  
was the  case with our arrangement.
In  o rd e r  to  save sp ac e ,  the  c a l c u l a t i o n  w i l l  be p re s e n te d  w i th
and index j when n e c e s s a r y ,  ta k in g  the v a lu e s  1  or 2  (beam 1 or 
beam 2 ), and the quantity  ej = ( - l ) J w i l l  often be used.
A.4.2 Expression fo r the e l e c t r i c  f i e ld  E(P,Mj ):
According to  HUYGHENS d i f f r a c t i o n  p r i n c i p l e  [R ef.109], th e  
e l e c t r i c  f i e l d  at a p o in t  P on th e  sam ple i s  th e  summation over 
b o th  a p e r t u r e s  ( th e  p i n h o l e s )  o f  e ac h  lu m in o u s  p o i n t  Mj 
co n tr ib u t io n  considered as a sp h e r ica l  wave.
Each co n tr ibu tion  can be expressed as:
E (P ,Mj ) = E(Mj )/|Mj P |e x p (- 2 i 7r|Mj P|/X) (30)
The q uan tity  «j p i s  ob/iously  im portant and v e r i f i e s :
|Mj P | = (z+ejxsine)2 +(xcose-xj) 2+ (y -y j ) 2 * /2 (31)
Under the  Gauss ap p ro x im a tio n  (x, X j , y, yj << z ) , e q u a t io n  (31) 
can be w ri t ten  in a Taylor expansion:
Mj P| = z 1 + ejxs ine /z+ r 2 / ( 2 z 2)+ r j 2/ ( 2 z 2)  ^ (32)
-  (xxjcose+yyj ) / z 2 -x 2 s i n 2 e / ( 2 z 2 )+o(x /z ) 2
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■^ j record  ing 
! sample
p in h o le  1
°1 M1 = r l  = (xl ' y l>
° 2 M2 ” r 2 = (x2 'y 2^
Os P = r  = (x,y) p inhole  2  M2
Gauss approxim ation: z »  r j ^ / f
F ig u re  18: N o ta tio n  and approxim ation  fo r  s p h e r ic a l  
wave in te r fe re n c e  c a lc u la t io n s .
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And an expression fo r  Mj p can s im ila r ly  be obtained:
I M j P f 1 = 1 / z 1 -  t j  x s ine /z+o  (x/z) (33)
By re p la c in g  e q u a t io n s  (32) and (33) in  e q u a t io n  (30), th e  
express ion  for the sp h e r ic a l  wave can be obtained:
E(PMj) « T (P )U (P ,e j )V (P ,M j) (34)
where T(P) does not depend on e i th e r  Mj nor ej
T(P) = 1/zexp ~2 iir/x [z+r2 / ( 2 z) -x 2 s in 2 e / ( 2 z) ] (34a)
where LJ(P,ej) does not depend on Mj :
U (P, ej ) = ( l - e jx s in e /z )  exp(-2iir/XejXsin6) (34b)
and where V ( P , M j )  does not depend on e j :
V (P ,Mj ) = E (Mj) exp - 2 i  -rr/x [ r j  2/  (2 z) -  (xxj cose +yyj) / z ] (34c)
E(Mj) i s  an e x p re s s io n  of the  l i g h t  d i s t r i b u t i o n  w i t h i n  th e  
p inho le  j  (waist w0  and in f i n i t e  curvature) and v e r i f i e s :
E(Mj) = E0ex p (-r j2/w 02] (34d)
A.4.3 In teg ra t io n  over the pinholes area:
The to ta l  f ie ld  E(P) a t  point P can be expressed as
E (P) = T(P) U(P,El)+U(P,e2 V (P ,Hj) dr j (35)
pinholes
In  th e  e v a lu a t io n  o f  th e  i n t e g r a l  I ,  th e  index j  becomes 
i r r e le v a n t  and w il l  be dropped:
a 2 n
I=E, exp 2 .,- r z [l/wQ +iTt/(xz)] exp 2 iTrrucos<t»/(wz) rdrd<|> (36)
0 0
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where a i s  the p inho le  ra d iu s ,  u the modulus of vector u(xcose,y) 
and t  the angle between v ec to rs  u and r .
Using the id e n t i ty :
J 0 (X) = 1 / IT exp(ixcos*)d 4> (37)
0
w here J q i s  th e  BESSEL f u n c t io n  o f th e  f i r s t  k ind [ R e f . l l l ] ,  
leads  to:
I=2itEq exp - r 2 [ l / w Q 2 + i * / ( A z )  ] jQ(27rur/( Az)) rdr 
0
(38)
In  the  case  o f  a 10 m ic ro n  p in h o le ,  f a r  from i t s  p la n e  ( in  our
case z=190 mm. »  a=5 micron), i t  i s  simple to v e r i fy  that:
l /w 0 2 +iTf/(Az) = l /w 0 2 (39)
Thus expression (38) becomes:
I=2nE e x p ( - r 2 /w0 2 ) J 0 2 iru r /(Az) rdr (40)
0
The ob jec t  of t h i s  paragraph is  not to  develop an a n a ly t ic a l  
s o lu t i o n  fo r th e  above i n t e g r a l  and a q u a l i t a t i v e  s tu d y  i s  
proposed below, desc rib ing  the behaviour of the in te g ra l .
Relating in te g ra l  (40) bo WEBER's f i r s t  exponential in te g ra l  
[Ref.112],
r J n (ar)exp(-p 2 r 2)dr = l / ( 2 p 2 )exp(-a 2 / ( 4 p 2)] (41)
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in d ic a te s  th a t  the  f i e l d  w i l l  behave in an exp(-(u/w)^) manner,
i . e .  in  a g a u s s ia n  way. The a c tu a l  d i f f r a c t i o n  p a t t e r n  i s  as  
u s u a l  in t ro d u c e d  by th e  f a c t  t h a t  th e  i n t e g r a t i o n  i s  over a 
f i n i t e  i n t e r v a l .  S e t t i n g  a s id e  th e  e x p o n e n t i a l  term  in  th e  
in te g ra n d  fo r  a w h i l e ,  d i s c l o s e s  a b e h av io u r  o f  th e  J j  t y p e ,  
where i s  a BESSEL f u n c t io n  o f th e  f i r s t  k in d ,  due to  th e  
i d e n t i ty  [Ref.112]:
j xJ 0 (x)dx = o J j td )  (42)
0
The l a r g e r  th e  a p e r t u r e ,  the  c lo s e r  t h i s  r e p r e s e n t a t i o n  i s  to  
r e a l i ty .  In the numerical case described p rev io u s ly  (a=5 micron), 
i t  i s  a good re p re se n ta t io n  of the p a t te rn s  obtained during our 
work. I t  i s  p a r t i c u l a r ly  in te re s t in g  to  e s t im a te  the d iam eter of 
th e  f i r s t  da rk  r in g  o f  the  i n t e r f e r e n c e  p a t t e r n  g iv en  by th e  
f i r s t  zero of J j :
(2nau/(Xz)) = 0 (43)
which leads to:
2irau/(Xz) = 3.832 (1s t  zero of J x [R e f . I l l ] )  (6 6 )
and y ie ld s :
u = 11 irm (45)
The f i r s t  da rk  r in g  i s  then  about 22 mm in  d ia m e te r  and t h i s  i s  
in good agreement w ith  what was obtained experim enta lly .
In our c a se ,  th e  p a ra m e te rs  ap p ea r in g  in  th e  i n t e g r a l  have 
the following numerical values:
0 < u < 1 mm (46a)
Wq = 3.5 micron (46b)
a = 5 micron (46c)
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z * 190 inn 
X = 457.9 im
(46d)
(46e)
E v a lu a t in g  th e  BESSEL f u n c t io n  and th e  e x p o n e n t i a l  term  in  th e  
in te g r a n d  fo r  th e  l i m i t s  of th e  i n t e g r a t i o n  (using  t a b l e s  in  
[Ref. 113]):
0.96 < J 0 ( . . . )  < 1.00 
0.16 < ex p ( . .)  < 1 . 0 0
(47a)
(47b)
I t  i s  j u s t i f i e d  u n d e r  su ch  c o n d i t i o n s  to  a s s i m i l a t e  th e  
e x p re s s io n  J q (....) to  u n i ty .  T h is  l e a v e s  an i n t e g r a l  which does 
n o t  depend upon th e  q u a n t i t y  u and t h a t  can th e r e f o r e  be 
considered as a constan t I c in equation (35).
A.4.4 In te rfe ren ce  phenomenon:
Under the  a ssu m p tio n  t h a t  th e  i n t e g r a l  in  e q u a t io n  (35) can
be approximated as being a constan t, the f i e ld  expression becomes 
s im p le r :
E(P) = I CT(P) U(P,El)+U(P,e2) (48)
E v a lu a t in g  th e  q u a n t i t y  between b r a c k e t s  w i th  e q u a t io n  (34b) 
leads  to:
E (P) = 2ICT(P) cosh(2iirxsine/x)+xsine/zsinh (2inxsin0/X) (49a)
or
E(P) = 2Ir T(P) cos(2nxsine/x)+ixsine/zsin(2TTXsine/x) (49b)
The l ig h t  in te n s i ty  is  evaluated by taking the square modulus of 
equation  (49b):
I (P) = 4Ic 2 / z 2  cos2 (2Tixsine/x)+x2s in 2e /z 2s i n 2 (27rxsine/x) (50a)
or
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I (P )= 2 lc ^/z^  (l+x^sin^e/z^)-( l-x^sin^e/z^)cos(2 irx2sine /x)l (50b)
A .4.5 Conclusion:
Comparison between th e  i n t e r f e r e n c e  equation for two plane 
waves (equation (A20) appendix 2) and the sp h er ica l  wave equation 
(50b) leads  to the following conclusions:
-The g ra ting  p a t te rn  s t i l l  e x i s t s ,  w ith  the same p e r io d ic i ty  
and o r ie n ta t io n  (cosine te rm ).
-The c o n t r a s t  of th e  g r a t i n g  l i n e s  in  th e  case  o f th e  
s p h e r i c a l  waves i s  however n o t  as good as  when p la n e  waves a r e  
u s e d .  But n u m erica l  e v a lu a t io n  shows t h a t  th e  d e g ra d a t io n  i s  
neg lig eab le :
x^s in^e /z^  = 6.10“  ^ (51)
-The o v e r a l l  l i g h t  i n t e n s i t y  does n o t s ta y  c o n s ta n t  w ith  z 
b u t  d e c r e a s e s  as i t s  sq u are .  T h is  i s  no t  s u r p r i s i n g  s in c e  th e  
waves issu ing  from the p inholes are diverging.
I t  i s  th e r e f o r e  p e r f e c t l y  j u s t i f i e d  to  c o n s id e r  t h a t  the  two
i n t e r f e r i n g  waves a re  p la n e  waves. The c o n t r a s t  d e g ra d a t io n  
9 9 9f a c to r  (x s in  e /z  ) i s  a very good in d ica t io n  of the v a l id i ty  of 
such  an a ssum ption  and i t  i s  i n t e r e s t i n g  to  rem ark t h a t  i t s  
dependence  on th e  ang le  o f in c id e n c e ,  th e  sam ple to  p in h o le  
d i s t a n c e  and the  e x c u rs io n  on th e  sam ple i s  in  ag reem ent w i th  
experim ental observation.
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B: OPTICAL THEORY FOR ABSORBING ICDIA
The purpose  o f  t h i s  s e c t i o n  i s  to  s t a t e  the  n o t a t i o n  used 
th ro u g h o u t  th e  n e x t  c h a p te r .  I t  d e a l s  w i th  the  p r o p e r t i e s  o f  
o p t i c a l l y  a b so rb in g  i s o t r o p i c  m edia . Most o f  i t s  m a t e r i a l  i s  
in sp ired  from a c l a s s i c a l  textbook [Ref.114].
B .l)  Complex index:
When d e a l in g  w i th  an ab so rb in g  medium i t  i s  c o n v e n ie n t  to  
in troduce a complex r e f r a c t iv e  index the imaginary p a r t  of which 
i s  a rep resen ta tion  of i t s  absorption  p ro p e r t ie s .  Using a as 
an in d ica tio n  of a complex number, the r e f r a c t iv e  index v e r i f i e s :
n = n - i a  (52)
And, w i th in  the  c o n f i g u r a t i o n  d e s c r ib e d  in  f i g u r e  19, th e
e l e c t r i c  f ie ld  can be w r i t t e n  (se t t in g  aside  the time dependence) 
a s :
E(M) = E0 exp(-2iirn|OM|/x) (53)
By replacing (52) in (53) one g e ts :
E(M) = E0 exp(-2™|aM|/X)exp(-2iTrn|CMl/A) (54)
(Tl) (T2)
I t  i s  easy to  o b se rv e  t h a t  the  term (T2) d e s c r ib e s  the  u su a l  
p ro p a g a t io n  in a n o n -ab so rb in g  medium w h ile  the  te rm  (Tl) 
rep re sen ts  the absorp tion  p ro p e rtie s .
B.2) SNEtj^r law in  an absorbing medium:
L inea rity  conside ra tions  on the c o n t in u i ty  conditions a t  the 
i n t e r f a c e  between two media show t h a t  SNELL'law i s  v a l i d  eve 
when complex in d ic e s  a re  used. W ith in  the  n o t a t io n  o u t l in e d  in 
f ig u re  2 0 , one obta ins:
nQsin0 Q = n^sine^ (55)
n
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medium index 
n = n - ia
E(M)
0
E (M) = E(0)exp(-i2irn|CM|/X)
Figure 19: E le c tr ic  f i e ld  in  an absorbing
medium.
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T ransparent
medium
M(z,y)
Absorbing
medium
n-i-ia
Figure 20: N o ta tion  and ax is  a t  the  
in te r fa c e  between n^ /n^ .
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As the medium indexed 0 is  t ran sp aren t ,  the l e f t  term in (55) i s  
r e a l .  This f o r c e s  th e  q u a n t i t y  s in e ^  in  the  r i g h t  term to  be 
complex. The n o t io n  o f  complex ang le  i s  then  in tro d u ce d  when 
analysing absorbing media a t  non-normal incidences and explains 
th e  on e^.
B.3) Mon homogeneous wave;
The p h y s ic a l  i n t e r p r e t a t i o n  o f  a complex an g le  i s  to  be 
ex p la in ed .  Decomposing the  wave v e c to r  k on th e  (z,y) a x i s ,  see 
f i g u r e  2 0 , in  medium 1  l e a d s  to  the  fo l lo w in g  exponent in  
equation  (53):
expon = -2iir/x (n^sine^y+n^cosejz) (56)
Keeping in mind th a t  the quan tity  n-isinei i s  rea l  and decomposing
A A ^
the  n^cose^ in to  r e a l  (a) and imaginary (b) p a r t ,  leads to:
I t  is  c lear from equation (58) th a t  the p lanes of equal in te n s i ty  
are  p a r a l l e l  to  the in te rface  and do not coincide with the planes 
of equal phase. Such a wave is  q u a l i f ie d  as being inhomogeneous. 
I t  is  important to  note th a t ,  although the a t te n u a t io n  only takes 
p la c e  a long the  normal to  the  i n t e r f a c e ,  th e  a t t e n u a t i o n  
c o e f f i c i e n t  i t s e l f  (2 nb/'x) depends upon the  a n g le  of in c id e n ce .  
Using complex ind ices  and complex angles th e re fo re  not only takes 
in to  account the absorption w ithin the iriedium but a lso  represents  
any angle of incidenoe.
B .4) The case of c r i t i c a l  incidence:
I t  is  important to ve rify  th a t  the case of c r i t i c a l  incidence 
i s  inc luded  in  the  above fo rm alism . Assuming a non-absorb ing  
medium f o r  s i m p l i c i t y ,  i t  i s  p o s s i b l e  to  show t h a t  th e  
in troduction  of complex angles includes the c r i t i c a l  angle case.
(57)
which, once replaced in (53) y ie ld s :
E ( M )  =  E Q e x p ( - 2 7 r b z / x ) e x p j ^ - 2 i T i / x  ( n ^ s i n e ^ y + a z ) !  (58)
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The c o n d i t io n  fo r  w hich th e  c r i t i c a l  a n g le  i s  a t t a i n e d  i s  when 
SNELL's law leads  to :
I s in e |  > 1 (59)
Such a co nd ition  le ad s  to  the fo llow ing conclusions (remember the 
medium is  assumed non-absorbent):
sine  > 1  and re a l  (60a)
cos§ imaginary (60b)
I t  leads to an exponent of the type:
expon = (-2 iTrn/x (siney+cosez)) (61)
(the has been dropped from sine to  in d ica te  i t s  o v e ra l l  rea l  
nature) or:
expon = -az  -  iBy (62)
where a and & a re  two p o s i t i v e  r e a l  numbers. Such an exponent 
c h a r a c t e r i s e s  a wave which does no t p ro p a g a te  a t  a l l  in  the  
considered medium but is  on the contrary a ttenua ted  along the z- 
a x i s  ( f i r s t  te rm  in  (62)). The second term  in  (62), a phase  
fa c to r  only y-dependent, is  an ind ica tion  th a t  t h i s  i s  a su rface  
wave. Thus is  the case of c r i t i c a l  angle included in the complex 
formalism.
B.5) Conclusion:
I t  is  very convenient to use complex q u a n t i t ie s  in SNELL'law. 
A complex r e f r a c t i v e  index ta k e s  in to  acco u n t th e  ab so rb in g  
p r o p e r t i e s  o f  the  medium and a complex an g le  n o t only  i s  a 
r e p r e s e n t a t i o n  of an inhomogeneous wave b u t a l s o  in c lu d e s  any 
c ase  of in c id e n ce  on an i n t e r f a c e ,  w hether b e fo re  or p a s t  the  
c r i t i c a l  an g le .  Such a fo rm alism  w i l l  t h e r e f o r e  be used 
e x t e n s iv e ly  in  the  n ex t  ch ap te r  when d e a l in g  w ith  m u l t i l a y e r  
formalism and computer simulation.
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C: HJUTIAYER FORMALISM
A very  good and e f f e c t i v e  m u l t i l a y e r  fo rm a lism  fo r  th e  
t r e a t m e n t  of t h i n  f i l m s  sys tem s  can be found in  [Ref.115]. The 
use  of such a formalism with the complex q u a n t i t ie s  introduced in 
t h e  p r e v i o u s  s e c t i o n s  a l l o w s  a s i m p l e  m o d e l l i n g  o f  t h e  
i n t e r f e r e n c e  phenomena in  a m u l t i l a y e r  a b so rb in g  system . T h is  
s h o r t  sec tion  only r e s t a t e s  the  d i f f e r e n t  r e c u r re n c e  r e l a t i o n s  
t h a t  are used in a computer s im ulation .
C . l )  Notation:
The s u b s c r ip t  j  i s  used fo r  th e  r e c u r re n c e  la y e r  in  a 
m u lt i lay e r  system. As s ta ted  in f ig u re  21, the e l e c t r i c  f i e ld  has 
t o  be c o n s id e re d  a t  many d i f f e r e n t  p la n e s .  T r a v e l l in g  th rough  
l a y e r  j  a re  two waves: a t r a n s m i t t e d  wave E j t  going in  th e  z 
d i r e c t io n  and a re f le c ted  wave Ejr going the opposite way. Within 
a layer ,  the f ie ld  propagates as in a homogeneous medium and i t  
i s  easy to  r e l a t e  th e  f i e l d  a t  one i n t e r f a c e  (j —1 ) to  the  f i e l d  
across  the layer a t in te rface  (j). However, a t  the crossing of a 
boundary (j —1 ) or (j) ,  continuity  r e la t io n s  are to  be applied in 
o rd e r  to  r e l a t e  the  f i e l d s  on e i t h e r  s id e  of the  i n t e r f a c e .  The 
trea tm en t of a m u lti layer  system th e re fo re  includes the modelling 
of two d i f f e r e n t  phenomena:
- th e  crossing of a boundary (j)
- th e  traverse  of a thickness l j  of layer j .
To s t a r t ,  the  wave i s  assumed to  be normal to  the  system
(p ro p ag a t io n  along z only). The case  of o b l iq u e  in c id e n c e  i s
introduced in a l a t t e r  stage.
C. 2) Crossing a boundary:
The c o n t in u i ty  req u irem en ts  fo r  th e  e le c t r o m a g n e t i c  f i e l d  
across  a boundary (j) between two media give the f i r s t  re la t io n  
in  a matrix form:
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in te rfa c e  in te rfa c e
(j-1 ) (j)
Figure 21: N o ta tion  fo r the recurrence  la y e r .
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Ej - E^+
=  Bj
E$-
J
E$+D
where:
Bj = 1 / 2
(63a)
l+nj +l / n j  l “nj+1 / n j
A A A **
l"nj+ l/nj +^nj+ l/nj
(63b)
For more d e t a i l s  on the  e s t a b l i s h m e n t  o f  th e  e x p re s s io n  f o r  Bj 
r e f e r  t o  [R e f .1 1 5 ] .  N ote  t h a t  co m p le x  i n d i c e s  a r e  u s e d  
th roughout.
C.3) T raverse of a th ickness l j  o f la y e r  j :
W ri t in g  in  a m a tr ix  form the  p ro p a g a t io n  and a t t e n u a t i o n  
p r o p e r t i e s  o f  a wave moving t o w a r d s  z p o s i t i v e  f o r  t h e
tran sm itted  wave and towards z negative for the re f le c ted  wave 
y ie ld s  the following equation:
Ej - i +
Et
where:
= T.
E-;“
Ef-
(64a)
Tj  ■
exp(2iTrnjlj/X)
0 exp(-2iTtnjlj/X)
(64b)
Note ag a in  the  use of complex in d ic e s  ta k in g  i n to  account b o th  
phase s h i f t  and a ttenuation .
C.4) In troduction  of the oblique incidence:
So far the equations used only hold for normal incidence. I t  
i s  however easy to show th a t  oblique incidences can be included 
in  a s im p le  fa sh io n .  R ew r i t t in g  e q u a t io n  (56) in  a d i f f e r e n t  
manner leads to:
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expon = ^iTi/Xn^sine^y^in/XnjCOse^z (65)
S t a t i n g  SNELL's law , i t  w i l l  be seen t h a t  th e  f i r s t  term  in th e  
ex ponen t i s  a phase f a c to r  and rem ains  c o n s t a n t  th ro u g h o u t th e  
e n t i r e  m u lt i lay e r  system with y constant. This term can th e re fo re  
be dropped fo r  now and reintroduced a f t e r  the m u lt i la y e r  system 
h as  been d e a l t  w ith .  Under th e s e  c o n s i d e r a t i o n s ,  th e  e l e c t r i c  
f i e l d  assumes the following form:
E(y,z) = exp(-2innsiney/x)E(0,z) (6 6 )
The s u b s c r i p t  in  the  exponent has been dropped due to  the  
conservation  o f  the q u an ti ty  nsine. The study of the  f i e ld  in the 
system is  the re fo re  reduced to the study of E(0,z) which exponent 
s a t i s f i e s :
expon = (^iTrn^cose^z/x) (67)
In other words, the incidence can be assumed to  be normal and the 
concept of e f fe c t iv e  index introduced as fo llow s:
nj e f f  = n jco se j  (6 8 )
T h e re fo re ,  in  o rder to  in c lu d e  the  case  o f  o b l iq u e  in c id e n c e ,  
every occurrence of re f ra c t iv e  index w ith in  the formalism above 
m ust be r e p la c e d  by i t s  e f f e c t i v e  v a lu e  as  g iv e n  by e q u a t io n  
(6 8 ) .
C. 5) Resolution of a m u lti layer  system:
C o n sid e rin g  a system  of n l a y e r s  be tw een two h a l f - s p a c e s ,  
input medium and su b s tra te ,  as shown in f igu re  2 2 , the s ta r t in g  
po in t c o n s is ts  in observing th a t  only a t ran sm itted  wave e x is t s  
in  the su b s tra te  due to i t s  i n f in i t e  ex ten t. In p ra c t ic e  th is  is  
obtained by ensuring th a t  the su b s tra te  th ickness i s  much g rea te r  
than  the  a b s o rp t io n  d i s t a n c e  in  the s u b s t r a t e  (>0 . 2  micron fo r  
s i l i c o n  a t  404.7 nm). The in c id e n t  and r e f l e c t e d  f i e l d s  in  th e  
input medium verify :
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01
2
j - 1
j
n2
inpu t
mediuir
x layer 0  
€>
layer 1
layer 2
layer j
ip-1
(su b s tra te layer ir:
N.B; Layer j  i s  between in te rfaces  (j-1) and (j)
Figure 22: R i l t i la y e r  system.
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g( i )
= M
E (r )
EU u b -l)  + 
0
where M i s  a product of m atrices Tj and Bj.
I f  the fo llow ing n o ta tio n  i s  adopted fo r M:
ml l  m12
m21 m22
M =
then
E (l) = iivqE1
E ^  = ni22Et  =
and the transm ission and re f le c t io n  c o e f f ic ie n t s  are 
t  = l/mn  
r = ^ 2
(69)
(70)
(71a)
(71a)
(72a)
(72b)
These c o e f f ic ie n ts ,  being of complex na tu re , give both phase 
s h i f t  and amplitude informations on the re f le c te d  and transm itted  
waves. When n u m e r ic a l ly  e s t a b l i s h i n g  th e  topography o f  th e  
e l e c t r i c  f ie ld  in a s t r a t i f i e d  system, the q u an ti ty  E^ . i s  u sua lly  
normalised to unity .
C.6) Conclusion:
By working up th e  way from the  s u b s t r a t e  i n t e r f a c e  to w ard s  
the input medium, the f ie ld s  (re f lec ted  and transm itted) can be 
found a t any plane in the system. When the input medium has been 
reached, the inc iden t f ie ld  in te n s i ty  is  used to sca le  the f ie ld  
map as follows:
E (0, z ) = (73)
where th e  q u a n t i t y  Enorm (0 »z) i s  th e  v a lu e  o f  th e  f i e l d  found 
from the normalised hypothesis and the value of the  in c id en t  
f i e l d .
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D: OQUOTER SIMOIATICN.
A com puter s im u la t io n  of the  r e c o r d in g  o f  a h o lo g ra p h ic  
g ra t in g  w ith in  a p o s i t iv e  p h o to re s is t  (AZ SHIPLEY) layer coating  
a s u b s t r a t e  a s  r e p r e s e n te d  in  f i g u r e  9b, was d ev e lo p ed . The 
t h e o r e t i c a l  t r a n s c r i p t i o n  of the  p r o p e r t i e s  o f  th e  p o s i t i v e  
r e s i s t  i s  r e s t a t e d  b e fo re  the  com puter p rogram  s t r u c t u r e  i s  
exposed.
D. 1) Hie phenomenon to  be modelled:
The experiment has been described p rev io u s ly  and is  shown in  
f i g u r e  14 and 17. During such an e x p e r im e n t  the  i n t e r f e r e n c e  
p a t t e r n  recorded w ith in  the layer of p h o to re s is t  can be d iv ided  
in to  two phenomena. Such a d iv is ion  a r i s e s  from equation (6 6 ) and 
i s  e a s i l y  observed d u r in g  e x p e r im e n ta l  work. A t r a n s v e r s e  
p e r i o d i c  i n t e r f e r e n c e  p a t t e r n  i s  formed in  the  r e s i s t  f i lm  
b e tw een  " l e f t "  and " r i g h t "  beams, c h a r a c t e r i s e d  by i t s  p i t c h . \  , 
w hich  w i l l  c r e a te  the  g ra t in g  r e q u i r e d .  However, an o th e r  
in te r fe re n c e  p a t te rn  is  formed by the s tanding wave w ith in  the 
t h i c k n e s s  of the  r e s i s t  f i lm ,  a r i s i n g  from the  i n t e r a c t i o n  
b e tw een  the t r a n s m i t t e d  beams and th o se  r e f l e c t e d  from th e  
v a r io u s  d i e l e c t r i c  i n t e r f a c e s .  We c h a r a c te r i s e  th i s  p a t te rn  by 
i t s  p e r i o d i c i t y  2u (where u s tan d s  fo r  u n d e rc u t) .  Our aim in  
s im u la t in g  holographic exposure is  to a llow  us to determine the 
p i t c h  and am p li tu d e  o f  both  i n t e r f e r e n c e  p a t t e r n ,  A  and u , by 
a d ju s t in g  the m ateria l thicknesses and ind ices  (where possib le ) .
D. 2) R e s is t m odelling:
As explained by H.DILL e t  a l .  [Ref.116], p o s i t iv e  p h o to re s is t  
o f  th e  d ia z o - ty p e  (e.g. SHIPLEY AZ), u s u a l l y  c o n s i s t s  of t h r e e  
c h e m ic a ls ,  a p h o to a c t iv e  compound, a base  r e s i n  and a s u i t a b l e  
o r g a n ic  s o lv an t .  The r e s i s t  i s  spun on to  th e  sam ple and baked 
according to the usual procedure, a f te r  which most of the so lvan t 
has disappeared. The s o lu b i l i ty  of the r e s i s t  film  in an aqueous 
a l k a l i n e  d e v e lo p e r  becom es v e r y  h ig h  in  a r e a s  where the  
pho toactive  compound has been broken up by l ig h t  and s tays very 
low  in  the  shadowed a re a s  hence the  name o f i n h i b i t o r  fo r  the
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a c t i v e  compound. The a b so r p t io n  c o e f f i c i e n t  o f  th e  r e s i s t  a t  a 
p la n e  z and a t  t im e t  i s  assumed to  be a l i n e a r  fu n c t io n  o f  
M (z ,t ) ,  th e  rem aining in h ib i t o r  f r a c t i o n ,  a cco rd in g  to  the  
fo l lo w in g  formula:
A*M(z,t)+B (74)
where A and B are two r e s i s t  dependent constants .
C a l l i n g  C th e  f r a c t i o n a l  decay r a te  o f  i n h i b i t o r  per u n i t  
i n t e n s i t y  and I ( z , t )  th e  l i g h t  i n t e n s i t y  a t  any z p lan e  a t  t im e  
t ,  one can w r ite  the time dependent equation:
3 /3 t  M (z,t) = - I ( z ,t )M (z ,t )C  (75)
w ith  i n i t i a l  condition M(z,0)=l at any z plane.
The r e s i s t  layer is divided into sublayers in order to take i n t o  
accou n t the p r o g r e s s iv e  b leach ing  o f  the m a t e r ia l  and hence  
determine accurately the v e r t i c a l  i n t e r f e r e n c e  p a t te r n .  As th e  
l i g h t  in t e n s i ty  pattern i s  periodical in one horizonta l a x is ,  of  
p i t c h  A.,  we on ly  need to con sid er  one p e r io d .  We t h e r e f o r e  
c o n s id e r  a b lock  o f  p h o t o r e s i s t  as shown in  f ig u r e  23. The 
program then must provide us with an in h ib itor  fra c t io n  map over 
th e  area  ( r e s i s t  th ic k n e s s  * p i t c h  o f  the g r a t in g )  a cc u r a te  
enough to  describe properly the bleaching of the r e s i s t .
D. 3) Program s tru c tu re :
The flow  chart presented in figure 24 descr ibes  the lo g i c a l  
s tru ctu re  o f  t h e  program . By u s in g  t h e  t h e o r e t i c a l  t o o l s  
introduced in  the previous sec t io n s ,  the l i g h t  in te n s i ty  (INT) in  
the system i s  ca lcu la ted  for a small energy increment, then the  
in h ib ito r  map (INH), the corresponding complex r e fr a c t iv e  index 
nap (IND) and the  new l i g h t  i n t e n s i t y  d i s t r i b u t i o n  w ith in  th e  
p h o to res is t .  We then proceed by i t e r a t i o n  u n t i l  the  energy  
increments sum up to  th e  t o t a l  l i g h t  energy we d ec id ed  to  g i v e  
the sample. The s e t  of in h ib itor  fraction  p r o f i l e s  for increasing  
va lues  o f  inc ident energy i s  arranged in  an in h ib ito r  map (MAPI)
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Figure 23: I l lu s t r a t io n  o f  the p h o to res is t  area  
used in  the conputer sim ulation .
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Figure 24: The lo g ic a l s tru c tu re  of BQLOGRAM,
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expressed  as a function of the two v a r ia b le s ,  depth and incident 
en e rg y .  W ith th e  h e lp  of the  i n c i d e n t  l i g h t  i n t e n s i t y  p r o f i l e  
acc ro ss  one p i t c h  (calcu lations from appendix 1) the  energy/depth 
map i s  t r a n s fo rm e d  in to  a w id th /d e p th  map (MAP2) by l in e a r  
in t e r p o la t io n .  The program, ca l led  HOLOGRAM, then transforms the 
i n h i b i t o r  f r a c t i o n  map in  a manner t o  s u i t  p a r t  o f  an a lre ad y  
e x i s t i n g  p ro g ram , SAMPLE [R ef.117), th e  t a s k  o f  which i s  to  
o u t p u t  th e  r e s i s t  developed p r o f i l e  g iv en  th e  i n h i b i t o r  map. 
F igure  25 shows a typ ica l  p r o f i l e  fo r the in h ib i to r  f rac tion  a t  
one v a lu e  o f  i n c i d e n t  energy along  th e  z a x i s  in  th e  r e s i s t  and 
f i g u r e  26 th e  com ple te  i n h i b i t o r  map. Roth curves c le a r ly  show 
th e  v e r t i c a l  s ta n d in g  wave phenomenon and a r e  in  very good 
agreement w ith  published re s u l t s  [Ref .118].
A l i s t i n g  o f  the program HOLOGRAM accompanied w ith  comments i s  
given  in  appendix 2.
D.4) Program handling:
I t  w i l l  be seen  that the program can e a s i l y  be amended to  
c a t e r  for  " s u b s tr a te  s tru ctu res"  of a more c o m p lic a te d  nature  
than th e  s i l i c o n / s i l i c o n  n i t r i d e  c o n f ig u r a t i o n  th a t  has been 
adopted . When prompted for the c h a r a c t e r i s t i c s  o f  the input  
medium ( r e f r a c t i v e  index),  i t  i s  e q u a l ly  s im p le  to  enter the  
o p t i c a l  p r o p e r t i e s  o f  a ir  or any s o l i d  or l i q u i d  prism ;, thus i s  
the front prism technique dea lt  with.
F ig u r e  27 shows in  a sch em atic  fa s h io n  the  s im u la t io n  o f  
holographic exposure by the computer. In order to i l lu s t r a t e  the 
use of such a program in the fabrication  of g ra t in g s  an example 
i s  taken. The m ultilayer system investigated  i s  shown in figure  
28. The s e le c t io n  procedure is  as fo llow s:
-Given the goal in terms of p itch  a  and grating  thickness u, 
aiming for an undercut p r o f i le ,  the fo llowing two equations allow  
fo r  a rapid  c h o ic e  o f  the angle  of in c id e n c e  e r in  the r e s i s t  
(figure 29) and o f  the ratio  r e s i s t  index/wavelength (figure 30):
A = x /(2 n rs in e r ) (76a)
i n h i b i t o r
f r a c t i o n
s u b s t r a t e
Figure
DMA SET: Input medium index:
P h o to re s is t  index: 
D ie le c t r i c  index: 
S il ico n  index: 
R es is t  th ickness :  
S i 3 N  ^ th ic k n e ss :  
Wavelength:
Angle o f  incidence: 
A, B, C: 0 .8 ,  0
Inc iden t energy:
X 1 0 '1
micron
: In h ib ito r  v e r t ic a l p r o f ile  shoving  
th e standing wave p a ttern .
1.0
1.7 
1.49
5.613-i0.19 
800 nm 
50 lm
404.7 nm 
45°
.07 , 0.018 
60 mJ/ar.^
a i r
r e s i s t
height
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Data set presented in Figure 25
in h ib i to r
f r a c t io n
h o r iz o n ta l  displacement
covering  one whole g ra t in g
•, « . . depth in to  ph o to res is tp i t c h  in 10 x microns. r
in 10 microns
Figure 26: Bleached r e s i s t  map ou tpu t by 
BOL0GRAM and fed bo SAMP1£.
Argon ion la se r  
UV or blue l in e
incidence <60'
a i r
AZ1370 SHIPLEY 
P hotoresis taround 200 rm
around 60 nir. s i l ic o n  n i t r id e
s i l ic o n
Figure 28: Experimental system.
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HOLOGRAM
DEVELOPED PROFILE
SAMPLE
INHIBITOR
MAP
PITCH and
REFLECTION COEFFICIENT
SUBSTRATE SYSTEM
E^E^/E-^ r e s i s t  p ro p e rt ie s
Tirrie
D i lu t io n
DEVELOPMENT DATA
I n d ic e s  
A b sorp tion  
th ic k n e s s e s  
W avelength  
In c id e n c e  
L ig h t  energy  
A,B,C r e s i s t  p rop erties  
A ccuracy fa cto r________
EXPOSURE DATA
Figure 27: Program o rg a n isa tio n .
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Contour height 
er in  degrees.
G ra ting  p i tc h  
-A in  1CT1 microns
s.s-
z.H
i .H
1 . 5 2 . 5
R esis t thickness 
u in 10”  ^ microns
Figure 29: Wave angle in  the r e s is t  against  
p itc h  and r e s is t  undercut height,
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Contour height: n/x 
Contour step: 0.25
*
G rating  p i tc h  
-A in  10“* microns
2 . 1-
1
1 . 1-
2 . 52 . 31 . 5
R esis t thickness 
u in 10“* microns
Figure 30: R atio  n /\  against p itc h  and 
r e s i s t  undercut he igh t.
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2u « x /(2nrcoser) (76b)
or
nr /A = 1/2 1A2+1/(2u)2 1/2
-1er  *= tan  A(2u/A )
(77a)
(77b)
where re a l  valued ind ices  have been used fo r  s im p lic i ty .
-A simple c a lc u la t io n  (using SNELL's law) e a s i ly  leads to  the 
a n g le  o f  in c id e n c e  to  be s e t  on th e  o p t i c a l  bench, once a 
p h o to re s i s t  p re sen ting  an adequate r a t i o  n / x  has been chosen.
-The next s tep  consis ts  in finding a s u i ta b le  S i3N4 thickness 
f o r  an u n d e rc u t  p r o f i l e  to occur. In  o rd e r  to  do so , p ro v is io n  
has  been made fo r  the  program to  o u tp u t  th e  complex r e f l e c t i o n
c o e f f ic ie n t  at the r e s i s t / n i t r i c e  in te r face  ( re f lec t ion  r a t i o  ana 
phase s h i f t ) ;  and d i f f e r e n t  values of the experimental conditions 
(e sp ec ia l ly  S i3N4 thickness) are t r i e d  out for a null phase s h i f t  
leading to a maximum of in tensity  a t  the in te r fa c e  and therefore  
producing an undercut p ro f i le  [Ref.67].
-The l a s t  s t e p  invo lves  runn ing  th e  whole s im u la t io n  
(HOLOGRAM + SAMPLE) and d e te rm in in g  by t r i a l  and e r r o r  the  
ex p o su re  and developm ent c h a r a c t e r i s t i c s .  At the  end o f such a 
com puter s i m u l a t i o n ,  one is  in p o s s e s s io n  o f  an o p tim a l s e t  of 
e x p e r im e n ta l  c o n d i t io n s  for the f a b r i c a t i o n  o f  a g r a t in g  (A,u) 
w ith  undercut p r o f i l e .
D.5) Conclusion:
A r e l i a b le  tool has been fabricated allowing us to determine 
the most su i ta b le  experimental environment in order to s a t i s f y  
our h o lo g ra p h ic  req u irem en ts  which a re  m ain ly  p i t c h  and l i n e  
p r o f i l e  requirements. Prevision has been made w ith in  the program 
to  a l lo w  fo r a r a p id  adjustm ent of the  in te r m e d ia te  l a y e r  
t h i c k n e s s  (S i3N4 in  our case) to a r r i v e  t h e o r e t i c a l l y  a t  th e  
undercut case (i.e . zero phase s h i f t  a t  the in te r fa c e  Si/Si^N^).
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An experim ental so lu t io n  to the same problem has been obtained by 
N.N. EFREMOW e t  a l . [R ef .67],
T here  i s  however a lack  of d a ta  on p h o t o r e s i s t s  and on 
m a te r ia l s  such as s i l i c o n  n i t r id e  concerning d i r e c t  measurements 
o f  t h e i r  o p t i c a l  c o n s ta n t s  a t  w av e len g th s  d i f f e r e n t  from the  
u s u a l  m ercury  l i n e  (404.7 nm) or h e lium -neon  l a s e r  (633 nm). 
There i s  indeed a need for such data (optical c h a r a c te r i s t i c s  and 
A, B, C c o e f f i c i e n t s  fo r  the  p h o t o r e s i s t )  a t  UV w aveleng ths  fo r  
th e  o b te n t io n  o f  s m a l l  p i tc h e d  g r a t i n g s  ( around 0.15 micron) 
w ith  undercut l in e  p r o f i l e  by using a UV la se r  on the holographic 
arrangement is  highly d es irab le . The undercut l in e  p ro f i le  i s  a 
very  important c h a r a c te r i s t i c  of the r e s i s t  g ra ting  as i t  renders 
a f u r t h e r  m eta l l i f t - o f f  o p e ra t io n  more l i k e l y  to  succeed . 
Following the above remark a few o p t ic a l  constan ts  measurements 
were taken a t  a UV wavelength of 351.1 nm. Such measurements are 
r e p o r t e d  in  the  next p a r t  (p a r t  I I I )  along w i th  a com parison  
between computer predic ted and experiments] line p ro f i l e s  (where 
possib le )  and i t  w i l l  be seen tha t  the compj ter  program, gives a 
f a i r  account of the holographic exposure phenomenon.
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Grating fabrication  with l in e  p r o f i l e  c o n tr o l .
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iThe fo l lo w in g  p a r t  i s  a r e p o r t  on th e  e x p e r im e n ta l  work 
c a r r ie d  out. Even though the goal was to  u l t im a te ly  make a X-ray 
mask a s  d e s c r ib e d  in  F ig u re  12, t h e r e  a l s o  was th e  a m b i t io n  t o  
ach ieve  a  recording w ith  l in e  p r o f i l e  co n tro l  o f  g ra tings  w ith  a 
p i t c h  o f  0.1 m icron .
Section  A r e p o r t s  p r e p a r a to r y  e x p e r im e n ts  u n d e r tak en , e.g. 
index m easurem ents  in  th e  UV, so t h a t  th e  com puter s im u la t io n  
could be run fo r  UV holographic exposure. Section  A a lso  ends by 
l i s t i n g  th e  c h a r a c t e r i s t i c s  of th e  m a t e r i a l s  used, e i t h e r  
in fe r r e d  from e x is t in g  l i t e r a t u r e  or measured experim entally . The 
sample p r e p a r a t io n  p ro ced u re  i s  a l s o  d e s c r ib e d  along w i th  th e  
alignment technique for the holographic setup.
Section B, p r e s e n t s  the f a b r i c a t i o n  of g r a t i n g s ,  d i f f e r e n t  
experimental en v iro n m en ts ,  and the  r e s u l t s  compared w i th  the  
corresponding s im ula tion  where possible .
F in a l ly  a d iscuss ion  exposes the encountered d i f f i c u l t i e s  arid 
the s u g g e s t e d  s o l u t i o n s .  A l i n e  o f  p r o g r e s s  f o r  f u r t h e r  
experiments i s  a lso  proposed.
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A: PREPARATORY EXPERIMENTS
The o p t i c a l  p r o p e r t i e s  o f s i l i c o n ,  s i l i c o n  n i t r i d e  and 
p h o to re s is t  have been estab lish ed  experim en ta lly  where p o ssib le  
o r in fe rred  from l i t e r a tu r e  when the experim ental procedure was 
inaccu ra te . The sample p re p a ra t io n  p ro c e d u re  i s  a l s o  p re s e n te d  
before  a thorough d e sc rip tio n  o f the holographic arrangement and 
the  alignm ent procedure are exposed.
A. 1) ^S ubstra te  system* p ro p e rtie s :
Three inch wafers of s i l i c o n / s i l i c o n  n i t r i d e  were obtained 
from the SERC M icrofabrication  F a c i l i ty  a t  EDINBURGH University. 
The n i t r i d e  la y e r  was grown to  our s p e c i f i c a t i o n s  by Chemical 
Vapour Deposition and the q u a li ty  was found to be genera lly  good, 
o f  uniform  th ic k n e s s  and w ith  very  few p in h o le s .  Some b a tch e s  
which showed d e fe c ts  were used as t r i a l  samples for determ ination 
of exposure and development times.
A. 1.1 Thickness measurements:
When o rd e r in g  the  S i 3 N4 coated s i l i c o n  w a fe r s ,  the n i t r i d e  
th ic k n e s s  was s p e c i f i e d  w i th in  a few nanom etres  of the v a lu e  
chosen by computer s im ulation for an undercut p r o f i l e  to occur. 
Thickness measurements were carried  out on the sanples using a 
"GAERTNER L117” e l l i p s o m e t e r  f i t t e d  w ith  a he lium -neon  l a s e r  ( 
x=633 nm). Five measurements evenly spread on each of the wafers 
showed un iform ity  in the n i t r id e  layer th ickness and values close 
to  our sp e c if ic a t io n s  (within a nanometre).
A.1.2 Index measurements:
In order to run a s im ulation for holographic gra ting  p r in t in g  
a t  UV' wavelengths, i t  is  important to know the c h a r a c te r i s t ic s  of 
the employed m a te r ia ls .  Therefore measurements were made of the 
re f ra c t iv e  ind ices  of s i l ic o n  and silcon n i t r id e  a t  a wavelength 
of 351.1 nm (UV l in e  for the argon ion la se r) .  The ABELES method, 
f i r s t  t r ied  ou t ,  co n s is ts  of measuring the BREWSTER angle of the 
medium l in k e d  to  i t s  r e f r a c t i v e  index by a s im p le  eq u a tio n .  
However the experimental setup used was found to be inaccurate ,
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p a r t ly  due to  the method i t s e l f  as i t  c o n s is ts  in  find ing  a very 
f l a t  extremum, and p a r t ly  due to the s i l i c o n  d e tec to r  used which 
e x h i b i t s  an in c r e a s in g  re sp o n se  to  UV l i g h t  w i th  tim e and 
p re s e n ts  a memory e f fe c t .  The poor q u a l i ty  of s i l i c o n  de tec tors  
a t  s h o r t  w aveleng ths  has been r e p o r te d  on p re v io u s  o ccas io n s  
[ R e f .1 1 9 ] . I t  w as t h e r e f o r e  d e c id e d  to  c o n s t r u c t  a UV 
e llip so m e te r  w ith  a p h o to m u ltip lie r tube fo r i t s  l i g h t  de tec tor .
A. 1 .3  UV e llip so m ete r:
The d e s ig n  o f th e  e l l i p s o m e t e r  was in s p i r e d  by R.J. ARCHER 
[R e f .120] and i t s  p r i n c i p l e  i s  o u t l i n e d  in  f ig u r e  31. The argon 
ion  l a s e r  UV d o u b le t  was s e p a ra te d  by a p r ism  and the  351.1 nm 
l in e  was used. There are cases of incidence when the re f le c t io n  
of an e l l i p t i c a l l y  po la rised  beam on a th in  film  coated substra te  
i s  p la n e  p o l a r i s e d .  M easurements o f  th e  e l l i p t i c i t y  of the  
i n c i d e n t  wave when such  a phenom enon o c c u r s  a l lo w  th e  
d e t e r m in a t io n  o f  the  r e f r a c t i v e  index and the  th ic k n e s s  of the  
th i n film .
A co m b in a tio n  of com pensator-polariser-com ipensator, figure 
32a, was used to s e le c t  any s ta te  of e l l i p t i c a l  p o la r is a t io n  of 
th e  UV l a s e r  beam. Angular re a d in g s  could be taken  on the 
p o l a r i s e r  and i t s  o r ig i n  was s e t  p e rp e n d ic u la r  to  the  p lane  of 
the examined samiple as suggested in [Ref.120]. The re f lec ted  beam 
goes through an analyser, f igure  32b, of which angular readings 
cou ld  a l s o  be ta k e n ,  b e fo re  i t s  i n t e n s i t y  i s  measured by a 
pho to m u lt ip l ie r  d e tec to r  connected to  a lo c k - in  a m p l i f i e r  (the  
l i g h t  was chopped a t  1 kHz in order to avoid measuring any noise 
in th e  system ). The e x p e r im en ta l  s e tu p ,  f ig u r e  32, i s  used as a 
c l a s s i c a l  e l l i p s o m e t e r ,  two zero  read in g s  were c a r r i e d  out 
providing two s e ts  of angles (po la r ise r ,  analyser) for which the 
re f le c te d  wave is  plane po larised  and linked by simple equations 
to  the  c h a r a c t e r i s t i c s  » (am plitude  r a t io )  and t  (phase 
d iffe rence)  of the incident beam. Knowing those two q u a n t i t ie s ,  
t h e  DATA c o n v e r s i o n  s o f t w a r e  accompanying th e  "GAERTNER" 
e ll ip so m ete r  allowed us to c a l c u l a t e  the  r e f r a c t i v e  index, the  
absorption  c o e f f ic ie n t  and the thickness of the te s ted  m ateria l.
A. 1.4 Conclusion:
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s -p o la r i s a t io n 351.1 nm 
la se r
c irc u la r
p o la r is a t io n
quarter-wave 
p la t e  a t  45°
plane p o la r i s a t io n
p o la r i s e r
e l l i p t i c a l
p o la r i s a t i o n
quarter-wave p la te  a t  45
analyser
Figure 31: P r in c ip le  of an e l l ip som eter .
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32b
p o la r i s e r  arm analyser arm
Figure 32: The e ll ip e o a e te r  arrangem ent.
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VMeasurem ents c a r r ie d  out on a sam p le  o f  s i l i c o n  gave th e  
fo llow ing  r e s u l t s :
a
nSi = ^*4 ~ i3 .1  a tX  =351.1 nm
These f ig u re s  a re  in  good agreement w ith  d a ta  obtained  by o ther 
methods [R ef.1 2 1 ].
The measurements carried  out on th e  Si/Si^N ^ samples le d  to  
th e  fo llo w in g  r e s u l ts :
A
^ n it  = 2 .18 a t  X =351.1 nm
No ab so rp tio n  was noticed and the measurements were also  in  good 
agreement w i t h  r e p o r t e d  v a l u e s  [ R e f . 1 2 2 ] .  M o re o v er ,  t h e  
th ick n esses  o f  t h e  s i l i c o n  n i t r i d e  f i l m s  c a l c u l a t e d  f ro m  
measurements using the  UV e llip som eter  were found to  be s im i la r
to  t h o s e  c a l c u l a t e d  from measurements  u s in g  the  "GAJIPThLP.” 
e l l ip s o m e te r .
A .2) P h o to re s is t  p ro p ertie s :
I t  was o b se rv ed  on the com puter s im u l a t i o n  p l o t s  t h a t  
l o c a l i s a t i o n  o f  a maximum of l i g h t  i n t e n s i t y  a t  th e  i n t e r f a c e  
r e s i s t / S i ^ N ^ ,  and  t h e r e f o r e  th e  o c c u r r e n c e  o f  an u n d e r c u t  
p r o f i l e ,  d e p e n d s  h e a v i l y  on t h e  o p t i c a l  and  g e o m e t r i c a l  
c h a r a c t e r i s t i c s  of th e  s u b s t r a t e  sy s tem . T h is  i s  why a c c u r a te  
measurements were needed and ca r r ied  out on the  S i /S i 3 N4 system. 
On th e  c o n t r a r y ,  i t  was a lso  observed  t h a t  a c e r t a i n  l a t i t u d e  
(10”2) on th e  r e s i s t  index could  be t o l e r a t e d ,  which on ly  
s l i g h t l y  a f f e c t e d  th e  he igh t and th e  shape of the  u n d e rcu t  
p r o f i l e .
Index measurements were taken for the  r e s i s t ;  those showing 
accu ra te  va lues  were kept, while those showing discrepancies  were 
d iscarded  and a value was extrapolated from measurements a t  o ther 
wavelengths known to  be acc u ra te .  Our aim was to  b r in g  th e  
s im ula tion  to  i t s  c l o s e s t  app rox im ation  of th e  r e a l  phenomenon 
without becoming too involved in d i f f i c u l t  and lengthy r e f r a c t iv e  
index measurements.
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The c h o ic e  o f th e  p h o to r e s i s t  h as been  d ic ta t e d  by th e  
fo llow ing  e x p re s s io n , "n sin0", which o c c u rs  in  bo th  th e  g r a t in g  
p i tc h  fo rm u la  (eq u a tio n  18) and SNELL's law  (eq u a tio n  55), 
s ig n ify in g  t h a t  th e  s m a l le s t  p i tc h  a c h ie v a b le  in  a m u l t i la y e r  
system  i s  determ ined by the low est index medium. This j u s t i f i e s  
th e  c h o ic e  o f a h ig h  index  r e s i s t ,  p a r t i c u l a r l y  i f  th e  f r o n t  
p rism  technique i s  used.
A .2.1 R e s i s t  Index;
Among th e  r e s i s t s  m arketed  by SHIPLEY, AZ1370 was found to  
p re se n t th e  h ighest re f ra c tiv e  index. Indeed, index measurements 
re p o rte d  in  (Ref.100] e x h ib it a value of;
nAZ1370 = a t  ^ “^25 nm
Measurements w ere c a r r ie d  ou t a t  A =351.1 nm b u t th e  r e s u l t s  
showed to o  much d isc rep a n c y  w h ile  n u m ero u s  e l l i p s o r o e t r i c
measurements a t  A=457.9 nm showed cons is ten t  values of:
nAZ1370 = 1-817 a t  A =457.9 nm
As j u s t i f i e d  e a r l i e r ,  th e  r e s i s t  index  v a lu e  in  the  UV was 
e x trap o la ted  from th e  two v a lu e s  exposed above. I t  was th o u g h t  
th a t  a t  a w avelength  coming c lo se  to  th e  a b s o r p t io n  edge of th e  
r e s i s t  m a te r ia l ,  a l in e a r  approximation would be too inaccurate . 
This i s  why a parabo lic  in te rp o la t io n  was used, which lead to ;
nAZl370 = 1,89 a t  A =351.1 nm
A.2.2 Resist bleaching properties:
As o u t l in e d  in  II.D.2, the  b le ac h in g  p r o p e r t i e s  of p o s i t i v e  
p h o to re s is t  can be exp ressed  in  te rm s of 3 c o n s ta n t s  A, B and C, 
and th e  a b so rp t io n  p a r t  of th e  complex r e f r a c t i v e  index of th e  
r e s i s t  i s  l in k e d  to  th e se  c o n s ta n ts  (eq u a tio n  74). The use of 
in accu ra te  v a l u e s  f o r  t h e s e  c o e f f i c i e n t s  in  t h e  c o m p u te r  
s im ula tion  a f f e c t s  t h e  i n d i c a t i o n s  on th e  e x p o s u r e  and  
developrent t im es  and th e  l i n e  p r o f i l e  b u t ,  w hether an undercu t 
does or does no t occur depends on th e  r e f r a c t i v e  in d ic e s  and
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th ic k n e sse s  o f  th e  m a t e r i a l s  and n o t  on th e  r e s i s t  a b s o r p t io n  
p ro p e r t ie s .  An experimental s e t-u p  fo r  the  de term ina tion  of A, B 
and C i s  p resen ted  in  [Ref.104] and values fo r  these  c o e f f ic ie n ts  
a re  g iv e n  a t  d i f f e r e n t  w av e len g th s .  S t a t e d  v a lu e s  were used a t  
>=365 nm f o r  th e  s im u la t i o n  a t  >=351.1 nm and a t  >=435.8 f o r  
s im u la t io n  a t  > =457.9 nm.
A .2 .3  Bes i s t  th ick n ess ;
Glass s l id e s  were cleaned and spun a t  d i f f e r e n t  speeds w ith  
AZ1370 d i lu te d  to  various r a t i o  so th a t  the  p h o to re s is t  th ickness  
dependence on th e s e  p a ra m e te rs  cou ld  be d e te rm in e d .  The r e s i s t  
f i lm  th ick n ess  was fu r th e r  measured using a TALYSTEP instrum ent 
and th e  obta ined  graphs a re  presented f ig u re  33.
A.3) Samp3e p rep a ra tio n ;
A ll sam p le s  p r e p a r a t io n  was c a r r i e d  o u t  under d u s t  f r e e  
co n d itio n s  in  a  c la ss  100 clean-room tunnel and a l l  the chemicals
used were of ANALAR q u a lity .
A .3.1 Sample cu tting ;
The t h r e e  in ch  s i l i c o n  n i t r i d e  co a te d  s i l i c o n  w afe rs  were 
c leaned in  acetone, rinsed in  deionised water and blown dry. They 
were l e f t  to  c o m p le te ly  d ry  fo r  about an hour on a hot p l a t e  (a t 
40 to  50°C) a f t e r  which time they were coated w ith  a p ro te c t iv e  
la y e r  of und ilu ted  p h o to re s is t  (2.5 micron th ick) and l e f t  to  dry 
f o r  5 minutes. Ihe wafers were then cut in to  n ine 19*19 mm square 
samples u s in g  a diamond s c r i b e r  and c le a v in g  them along  th e  
s c r ib ed  l i n e s .
A.3.2 Cleaning procedure;
A fte r  th e  r e s i s t  p r o t e c t i v e  la y e r  had been d i s s o lv e d  in  
acetone and the.sam ples r insed  in deionised w ater , the cleaning 
procedure was as follows:
a) Scrub w i th  l i q u i d  soap and a sm a l l  sponge h e ld  in  a 
hemostat clamp s ta r t in g  with the polished s ide  and f in ish in g  w ith  
the  rough s ide  of the samples. A new piece of sponge was used fo r  
each sample.
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F igure  33: AZ1370 th ickness versus d i lu t io n  
and spinning speed.
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b) 10 m inutes in  soapy w ater.
c) Rinse in  deion ised  water fo r 10 m inutes.
d) 10 m inutes in  an acetone ba th .
e) Rinse in  d e ion ised  water fo r 10 m inutes.
f) Rinse in  u ltra p u re  water fo r  10 m inutes.
g) The sam p les  w ere then  blown d ry  one by one w ith  f i l t e r e d  
n itro g en  and l e f t  on a h o t p la te  (40 to  50°C) to  d ry  f u r th e r  fo r  
an hour.
A ll the s tages  but the  f i r s t  and the  l a s t  were ca r r ied  out in 
an u l t r a s o n i c  b a th  and c a re  was ta k e n  to  keep th e  sam ples 
v e r t i c a l  so t h a t  any d u s t  p a r t i c l e s  would f a l l  t o  th e  bottom of 
the  recep tac le . A r in se  under running deionised water was carried  
out between each s tage  while t ra n s fe r r in g  the samples, one a t  a 
time, from one b a th  t o  an o th e r .  The v a r io u s  d i s h e s  and h o ld e rs  
used were thoroughly cleaned before and between s tages . The usual 
precautions were a lso  observed such as:
-Keeping th e  sam p les  between th e  la m in a r  a i r f l o w  and the  
m anipulator.
-Using a l i d  on the  receptacles  except when t ra n s fe r r in g  the 
samples between bathes.
I t  was found t h a t  i f  a l l  these precautions were observed, the  
samples were o f  a b s o lu t e  c l e a n l in e s s  and f r e e  o f  p a r t i c l e s  to  
such an e x te n t  t h a t  i t  was d i f f i c u l t  to  f in d  a speck  of d u s t  on 
the  s u r f a c e s  t h a t  co u ld  be used as a fo c u s s in g  a i d  under th e  
e lec tro n  microscope.
A.3.3 R es is t  c o a t in g i
The n ex t s ta g e  c o n s i s t s  in  c o a tin g  th e  sam ples w ith  a th in  
lay er o f p h o t o r e s i s t  ( le s s  than  200nm). In  o rd e r  to  o b ta in
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s u f f i c i e n t l y  t h i n  c o a t in g s ,  th e  p h o t o r e s i s t  was d i l u t e d  in  a 
r a t i o  o f  2 p a r t s  o f  t h i n n e r  t o  1 p a r t  o f  r e s i s t .  R e s i s t  
p re p a ra t io n  was handled under u l t r a - c le a n  c o n d it io n s  and specialy 
c leaned  equipment was used throughout, the  d i lu t io n  being carried  
o u t using p re c is io n  measuring cy linders .
The p h o t o r e s i s t  was d i s p e n s e d  on t h e  s a m p le s  from  a 
hypodermic sy ringe  to  which was a t tached  a 0.2 micron f i l t e r .  The 
samples were e n t i r e ly  covered w ith p h o to re s i s t  before  being spun 
f o r  20 seconds a t  speeds ranging from 2000 to  6000 rpm depending 
on the  d e s ired  thickness. The coated samples were then postbaked 
a t  83°C in  a i r  f o r  30 m inutes . When re a d y  f o r  exposure , th e  
samples were s to re d  under l ig h t  t ig h t  and c lean  conditions u n ti l  
they  were used on the holographic setup.
The co louring  of the samples, due to  th e  t h in  f ilm  of r e s i s t ,  
was found  t o  be uniform  th u s  showing good u n i f o r m i ty  in  the  
r e s i s t  t h i c k n e s s .  Only a t  th e  ve ry  c o r n e r s  o f  th e  sam ples were 
changes in  th e  co lo u r in g  observed  where th e  r e s i s t  f i lm  was 
th ic k e r .  When u s in g  the  f r o n t  p rism  te c h n iq u e ,  th e  r e s i s t  could 
be removed a t  th e  co rn e rs  by d ip p in g  i n t o  MICROPOSIT r e s i s t  
remover.
A.4) jfclographic arrang^ fflt:
The e x p e r im e n ta l  s e t - u p  was a r ra n g ed  on an EALING o p t i c a l  
t a b le  mounted on an a i r  bed and housed under a te m p e ra tu re  
c o n tro l le d  ( t  1°C around 23°C) p o s i t i v e  p r e s s u r e  t e n t .  I t  was 
found t h a t  under such c o n d i t io n s  th e  a i r  su r ro u n d in g  the  
holographic  se tup  was re la t iv e ly  clean and th a t  the  temperature 
con tro l  p ro v id e d  good s t a b i l i t y  to  th e  l a s e r  c a v i ty  l e n g th ,  
p a r t i c u l a r l y  n e c e s s a ry  in  th e  UV where th e  a d ju s tm e n t  of the  
c a v i ty  m ir ro rs  was c r i t i c a l .
In  o rd e r  t o  check th e  m echanical s t a b i l i t y  o f  th e  t a b l e  a 
crude MICHELSON in te rfe rom ete r  was se t  up. The f r in g e  movements 
showed v ib ra t io n s  of small amplitude (a few wavelengths) induced 
by th e  l a m in a r  f lo w  u n i t s  in  the  l a b o r a to r y  and by th e  l a s e r  
cooling  w ater pump. Vibrations of a much g re a te r  in te n s i ty  were 
a lso  c l e a r l y  v i s i b l e  du ring  th e  day when th e  b u i ld in g  was busy
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w ith  s tu d en ts  and a l s o  a t  tim es when th e  road t r a f f i c  nearby was 
heavy. I t  w as fo u n d  t h a t ,  l a t e  i n  t h e  e v e n in g ,  when a l l  
ap p lian ces  o ther than the  la s e r  water pump had been switched o ff ,  
and very  few people were in  the  bu ild ing  and th e re  was v i r tu a l ly  
no road t r a f f i c ,  the  fr in g es  showed very  l i t t l e  sign of v ib ra tion  
a p a r t  from the  odd f r in g e  s h i f t  every 100 seconds or so. Most of 
th e  g ra t in g  p r in t in g  was th e re fo re  c a r r ie d  out a t  nightime. Some 
succes was however o b ta in e d  when p r i n t i n g  g r a t i n g s  in  "adverse  
cond itions"  b u t  n o t  w i th  such c o n s i s t a n c y  a s  when p r in t e d  a t  
n ig h t .
a . 4.1 Laser sourg^
A SPECTRA-PHYSICS Model 164-08 a rgon  io n  l a s e r  was used 
throughout and power up to  300 mW was a v a i l a b l e  a t  A =457.9 nm, 
whereas an o u tp u t  o f  on ly  9 mW was o b se rv e d  atA=351.1 nm a f t e r  
th e  UV d o u b le t  had been s e p a r a te d  by a p r ism . A ll power 
measurements were c a r r ie d  out using a SCIENTECH thermopile (power 
and energy meter model 365).
A.4.2 B ea m -sp li t te r  £Od m irrors  arrangement:
Two d i f f e r e n t  b e a m - s p l i t t e r s  were used to  p ro v id e  an even 
s p l i t  o f  th e  l i g h t  a t  45° o f in c id e n c e  a t  A =457.9 nm fo r  the  
former and a t  A =351.1 nm for the  l a t t e r .  The beam -sp li t te r  angle 
w ith respec t to  the  la s e r  beam was fu r th e r  ad justed  on the bench 
fo r  equal i n t e n s i t y ,  w i th  an accu racy  o f  1%, by m o n ito r in g  th e  
l i g h t  in te n s i ty  in  the  two beams using a therm opile  .
In order to  s e t  the  red irec t in g  m irro rs  in  a symmetrical way, 
the  fo llow ing procedure was used:
-The b i s e c t o r  o f  th e  two beams was m a t e r i a l i s e d  by a red 
l a s e r  beam (a sm all He-Ne la se r) .
-A g la s s  s l id e  (GS) mounted on a graded ro ta t io n a l  s tage was
s e t  w ith  i t s  normal ax is  along the red beam.
-An a u x i l i a r y  m i r r o r  (AM) was used to  r e f l e c t  the  red beam
back along i t s  own pa th  length as shown in  f ig u re  34a.
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—The g l a s s  s l i d e  was then  r o t a t e d  a lo n g  a v e r t i c a l  a x is  by 
h a l f  th e  d e s i re d  angle of incidence.
-A m ir ro r  (RM) was then placed a t  th e  in te r s e c t io n  of the red 
and th e  b lue  l a s e r  beams as shown in  f ig u r e  34b.
-The g la s s  s l i d e  was ro ta ted  again  towards the  o ther side and 
ano ther  m i r r o r  was p laced  a t  th e  i n t e r s e c t i o n  o f  th e  two beams 
le ad in g  to  the  configuration shown in  f ig u r e  34c.
-The re d  l a s e r  was f i n a l l y  removed and th e  g la s s  s l i d e  
rep laced  by the  a u x i l ia ry  m irror ad ju s ted  so th a t  both blue beams 
were o f  sym m etrical incidence, f ig u re  34d.
- F in a l ly  the  two red irec ting  m ir ro rs ,  the  b eam -sp li t te r  and 
the  a u x i l i a r y  m irro r were ad justed  along a horizon ta l  axis so as 
to  b r in g  th e  beams in to  the same h o r izo n ta l  plane.
At t h i s  s t a g e  th e  two arms of th e  s e tu p  i n t e r f e r e  s t ro n g ly  
and w id e  f r i n g e s  can be observed  near th e  b e a m - s p l i t t e r  and on 
the  l a s e r  o u tp u t  window, f i n a l  a d ju s tm e n ts  can be made by 
cen te r in g  t h i s  in te rfe ren ce  p a tte rn  on the beams. When the setup 
i s  com ple tely  ad justed  the sample holder i s  put in  place of the 
a u x i l i a r y  m irro r .
Both m i r r o r s  and th e  b e a m - s p l i t t e r  were o p t i c a l l y  f l a t  to  
A /20, f r e s h ly  cleaned and r e la t iv e ly  f r e e  from dust p a r t ic le s .
A.4 .3  _Spati_al f i l t e r i n g !
The n e x t  s t a g e  in  th e  s e t t i n g  up of th e  h o lo g ra p h ic  bench 
c o n s is t s  in  a d ju s t in g  and position ing  the s p a t i a l  f i l t e r i n g  u n its  
(see IIA .1 ) .
The two f o c u s s in g  le n s e s  (20 mm f o c a l  le n g th )  were f i r s t  
p o s i t io n e d  a t  equal distances from the sample holder in each arm 
of the  in te r fe ro m e te r .  In order to  do so, two a u x i l ia ry  m irrors  
were u sed  t o  i n t e r c e p t  both beams ( f ig u r e  35) and produce 
Michel son i n t e r f e r e n c e  r in g s  v i s i b l e  by th e  b e a m - s p l i t t e r .  The
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F igure 34: A lignnent procedure.
(red beam in dashes)
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D irec tion  of observation 
fo r the Michelson fr in g es
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beam s p l i t t e r
Michelson frin g es
F igure  35: Michelson arrangement fo r p o s itio n in g  
th e  len se s  a t  equal d is tan ces .
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m irro rs  w ere ad justed  by t r i a l  and e r ro r  so  th a t  the  fringes were 
as w id e  a s  p o s s ib le  in d ic a t in g  a v e ry  sm a ll  p a th  d iffe re n c e  
between th e  two arm s. The le n s e s  th e n  re p la c e d  each  m irro r and 
were p o s itio n e d  so th a t the beams passed through th e ir  mechanical 
c e n te rs . Fu rther t i l t  adjustm ent of th e  le n se s  was carried  out by 
c e n te r in g  th e  in te rfe re n c e  rin g s , v i s ib le  anywhere on the path of 
l i g h t  betw een th e  len ses  and the  la s e r  ou tpu t window, due to  the 
m u ltip le  r e f le c t io n s  from th e  f ro n t  and the  back surfaces of the 
le n s e s .
The p in h o le s  w ere f i n a l l y  p la c e d  in  th e  fo c a l  p lane  of th e  
le n se s  and  c e n te re d  a d e q u a te ly . T h is  i s  done by observ ing  the  
d i f f r a c t io n  r in g s  g e n e ra te d  by th e  c i r c u l a r  a p e r tu re  of the  
p in h o le . In  th e  p a s t ,  p in h o le s  o f a s i z e  up to  20 o r 25 m icrons 
have been  used  fo r  th e  457.9 nm l i n e  and w ith  some su ccess , but 
i t  was decided to  use 1 0  micron p inho les  as the  ca lcu la tio n s  from 
IIA 3.4 show th a t  they l e t  most of th e  l ig h t  through (98 %). I t  i s  
t ru e  n e v e r th e le s s  th a t  th e  a p e r tu r e  in t e r f e r e n c e  p a tte rn  was 
n o tic e a b le  but the  cen tra l patch seemed very uniform indeed and 
th e  g ra tin g s  obtained confirmed th is  observation .
A s e t  o f 5 m icron  p in h o le s  (from AGAR AIDS) were used when 
th e  351.1 nm l in e  was se lec ted  but th e ir  q u a li ty  was ra ther poor, 
f ig u re  36) and s tro n g  d i s t o r t i o n  co u ld  be seen  in  th e  f i l t e r e d  
beams. T h e re fo re  10 m icrons p in h o le s  w ere used th ro u g h o u t th e  
p ro je c t  r e g a r d le s s  of th e  w av elen g th , even though i t  i s  though t 
th a t  th e y  do n o t c a r ry  o u t th e  f i l t e r i n g  o f th e  UV l i g h t  as w e ll 
as d e s ire d .
By moving th e  p in h o le  back and f o r th  one can observe th e  
in te r fe re n c e  r in g s  going in w ards or o u tw ard s ; i t  was found th a t  
when th e  d is ta n c e  le n s - p in h o le  was such th a t  th e  c e n tr a l  pa tch  
appeared a t  i t s  b r ig h te s t, a dark fr in g e  was ju s t  about to  appear 
in  th e  c en te r of the p a tte rn  and the estim ated  l ig h t  in te n s ity  is  
shown in  f ig u r e  37a. T his i s  why th e  p in h o le s  were s l i g h t l y  
"p u lle d -in "  r e s u l t i n g  in  a more uniform  p r o f i l e  a c ro ss  th e  
c e n tra l  p a tc h  ( f ig u re  37b).
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Figure 36: E lectron micrographs o f the 5 micron 
p in h o le  s e t  used with  the 351.1 nm lin e .
(10000 m a g n i f i c a t i o n ,  1 micron marker)
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lOnrn
excursion
Figure 37: Estim ated l ig h t  in te n s ity  p r o f i le  of 
the  c e n tre  patch  a f te r  the p inho les.
o rder to  ensure th a t  l ig h t  in te n s ity  a t the cen tre  of the 
p a tc h  was m ax im al, th e  s p a t i a l  f i l t e r  was s l i g h t l y  p u lle d  in  
(37b) from  th e  p o s i t i o n  w here th e  p a tch  appeared to  be a t  i t s  
maximum w idth  (37a).
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L ig h t i n t e n s i t i e s  as high as 2 3  mw/cm2  were obtained by th is  
method using  th e  457.9 l in e , bu t when the  351.1 l in e  was selected  
th e  l i g h t  in te n s i ty  values were e s tim ated  to  be around 30 times 
sm a lle r .
A .4 . 4  Sample holders:
TWO ty p e s  o f  sam ple h o ld e rs  w ere  used  depending on w hether 
th e  f r o n t  p r is m  tech n iq u e  was in v o lv e d  o r n o t. In th e  l a t t e r  
c ase , a  h o ld e r  was used, shown in  f ig u r e  38, mounted on a 
m agnetic  clamp and onto which the  sam ples were held by suction, 
th e  h o ld e r being connected to  a  w ater j e t  pump.
However, in  o rd e r  to  f a b r i c a t e  v e ry  sm a ll p itc h e d  g ra tin g s , 
th e  f r o n t  p r is m  tech n iq u e  was used and th e  h o ld e r (f ig u re  3 9 b) 
i t s e l f  was mounted on a th ree  ro ta tio n a l and th ree  tra n s la tio n a l 
s ta g e  ( f ig u r e  39a&b). The p rism s  used  w ere c u t from a block of 
LaSFN31 SCHOTT g la s s  o f a v e ry  h igh  in d ex  (1.95 a t  351.1 nm and 
1.90 a t  457.9 nm) and of r e l a t i v e l y  h igh  tra n sp a re n c y  to  the  UV 
l in e  351.1 nm.
The sam ples were pressed against th e  back face  of the prism 
by a s m a l l  p r e s s u r e  chamber ( f ig u re  39c) and o p t ic a l  c o n tac t 
occu rred  betw een  sam ple and p rism  in  p la c e s  w here a dark patch  
could be o b se rv ed . Io d in e  was o c c a s io n a l ly  used as  a m atching 
index l iq u id  but no improvement on the  dry technique was n o ticed
The f ro n t  prism  holder could be s l id  in  and out of i t s  stage 
a llow ing  th e  load ing  procedure to  be executed in  a clean cabinet 
thus ensuring  th a t  no dust p a r t ic le s  would be trapped between the 
sample and th e  prism .
A .5) C onclusion:
F ig u re  40 show s an overv iew  of th e  h o lo g ra p h ic  bench. The 
sam ples w ere  exposed  to  th e  h o lo g rap h ic  p a t t e r n  by rem ote 
c o n tro l, an e l e c t r i c  sh u tte r (placed a t  the la se r  output window) 
being a c tiv a te d  w h ile  a l l  appliances were switched o ff and w ith 
th e  o p e ra to r o u ts id e  the te n t.
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F ig u re  38 : View on th e  vacuum chuck h o ld e r
f o r  p l a in  e x p o su re .
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The t h r e e  
t r a n s l a t i o n  
s t a g e
The t h r e e  
r o t a t i o n  s t a g e  
and th e  p r ism  
h o ld e r
The p r is m  h o ld e r  
th e  sample 
th e  back p r e s s u r e  
chamber
Figure 39: The fron t  prism technique holder.
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A fte r  they  had been exposed, the  sam ples were developed in  a 
c lea n  c a b in e t  w ith  a  1 to  1 aqueous s o lu t io n  of MICROPOSIT 
d ev e lo p er. The sam p les  w ere th e n  r in s e d  in  d e io n ised  w ater and 
blown dry  w ith  f i l t e r e d  dry n itrogen .
B: flSftXnE FABRICftTICN
B .l  Introduction:
By u s in g  th e  s im p le  tw o -m irro r  in te r fe ro m e tr ic  arrangement 
d e sc r ib e d  in  th e  l a s t  c h a p te r ,  w e l l - d e f in e d  g r a t in g s  have been 
produced over la rg e  areas by record ing  th e  in te rfe re n c e  p a tte rn  
a r i s in g  when th e  tw o 457.9 nm l a s e r  beam s m eet on a p h o to r e s is t  
coated  S ilic o n  N itr id e /S ilic o n  su b s tra te .
The com puter s im u la t io n  a llo w e d  f o r  th e  l i n e  p r o f i l e  to  be 
m onitored  so th a t  i t  would p resen t an undercut when the thickness 
o f th e  in te rm ed ia te  lay er ( i . e .  S i3 N^ j) was adequately  chosen.
I t  i s  p o ssib le  to  reduce the  g ra tin g  p itc h  by sw itching to  a 
s h o r te r  wavelength or by reducing i t  a r t i f i c i a l l y  using the fro n t 
prism  te c h n iq u e  (FPT). To exam ine th e  f e a s i b i l i t y  o f such 
p ro c e sse s , th e  UV l a s e r  l i n e  was s e le c te d  and th e  f ro n t  p rism
technique  was experimented with.
However, success was only p a r t i a l ly  met w ith in  the course of 
our e x p e r im e n ta t io n  and th e  p ro b lem s en co u n te re d  w i l l  be 
d iscu ssed  in  d e t a i l .  The com puter s im u la t io n  can accoun t fo r  an 
e f f e c t  which was seen when samples were overexposed.
b . 2  Computer fiimMlation
B .2 .1  S ilico n  n i t r id e  th ickness:
Using th e  p a r t  o f th e  program  HOLOGRAM w hich a llo w s  fo r  a 
rap id  fin d in g  of th e  S i3 N^  th ickness necessary  to  bring  a maximum 
of in te n s i ty  a t  the  r e s is t /" s u b s tra te  system" in te r fa c e , gave a 
value o f  around 60 nm. A c e r t a in  l a t i t u d e  (l5nm) could  be 
to le r a te d  w ith o u t c au s in g  an im p o rta n t s h i f t  o f th e  r e f l e c t i o n  
c o e f f ic ie n t  o f  th e  s u b s t r a t e  s y s te m , th u s  k e e p in g  th e  
experim ental environment close to  the "undercut co n d itions".
Consequently, th r e e  b a tch e s  o f s i l i c o n  w a fe rs  r e s p e c t iv e ly  
coated  w ith  55, 60 and 65 nm la y e r s  of s i l i c o n  n i t r i d e  were 
ordered. E llip so m e tr ic  measurements on the  w afers gave values of
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54.3 nm, 60.9 nm and 74.3 nm r e s p e c t iv e ly .  These w ere th en  used  
fo r the  complete computer s im u la tio n  of the  holographic p ro cess .
B .2 .2  P h o to re s is t  .th ick n ess ;
Sim ulations were run fo r v a rio u s  p h o to re s is t th ick n esses  and 
i t  was found t h a t  when th e  r e s i s t  f i lm  th ic k n e s s  was l e s s  th a n  
th e  v e r t ic a l  s tand ing  wave p a t te rn  p e r io d ic i ty , th e  adjustm ent of 
th e  n i t r i d e  th ic k n e s s  f o r  an  u n d e rc u t p r o f i l e  was n o t so 
c r i t i c a l .  Each subsequent sample was th e re fo re  coated w ith  a 120 
nm f i lm  o f p h o to r e s i s t  (1 : 2  d i l u t i o n  r a t i o ,  spun a t  6000 rpm) 
which th e  computer s im u la tion  showed to  be an adequate th ick n ess  
fo r  an u n d e rc u t p r o f i l e  to  be m o n ito re d  by an ex ten d ed  range  o f 
s i l ic o n  n i t r id e  th ick n esses .
Examination of the th ree  s im u la tio n s , re sp e c tiv e ly  shown in  
f ig u re s  41, 42 and 43, shows t h a t  when th e  s i l i c o n  n i t r i d e  i s  55 
or 60 nm th ic k ,  th e  h e ig h t o f th e  u n d e rc u t i s  g r e a te r  and w ould
the re fo re  be more su i tab le  fo r  l i f t - o f f  than when the n i t r i d e  i s  
75 nm th ick .
I t  i s  im portan t to  ensure th a t  the undercut r i s e s  as high as 
p o ss ib le , as  t h i s  h e ig h t d e te rm in e s  th e  maximum p o s s ib le  
th ick n ess  o f  th e  m e ta l  p a t t e r n  w h ich  can  be l i f t e d - o f f  
su cc e ss fu lly .
B.3 G rating fa b r ic a tio n :
Samples o f  s i l i c o n / s i l i c o n  n i t r i d e  w ere exposed  to  th e  
in te rfe re n c e  p a tte rn  fo r a tim e period  which ranged from 1  to  1 0  
seconds, and w ere su b se q u e n tly  develo p ed  fo r  1 0  to  60 seco n d s. 
A ll the r e s u l ts  were consigned in  an exposure-development graph 
which i s  d is c u s s e d  l a t e r .  For each  s e t  of c o o rd in a te s  (exposu re  
and developm ent tim es) a l e t t e r  in d ic a te s  th e  q u a l i t y  o f th e  
g ra tin g  recorded w ith in  the p h o to re s is t  la y e r .
B .3 .1 G rating q u a li ty  asses sment:
Ihe q u a li ty  of the g ra tin g s  was assessed  in  two s tag es ; w ith  
the  naked eye on a m acroscop ic  s c a le  and under an e le c t r o n  
beam microscope on a microscopic s c a le .
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p a ta  s e t :  A ir index 1.0
r e s i s t  index 1.817
S i3 N4  index 2.055
Si index 4 .5 -i* 1 .8 7
W avelength 4 5 7 . 9  nm
R e s is t  b leach ing  co n stan ts  0.54 , 0.06 , 0.012 
S i3 N4  th ic k n e ss  54.3 nm
R e s is t  th ic k n e ss  120 nm
Exposure in te n s i ty  2 3  mW/cm2
Exposure tim e  7  seconds
Dose decrem ent 1  m J/cnr
Angle o f inc idence  45°
Program output; R e f le c tio n  c o e f f ic ie n t  0.3955, 12.65°
P e r io d ic i ty  0.33 micron
R e s is t
th ic k n e ss
p e r io d ic i ty
Figure 41: C ocputer sim ulation  when 
s ia S 1 th ick n ess  = 54.3 ran.
Development tim e: A = 10 seconds
B = 15 seconds 
C = 20 seconds 
D = 25 seconds 
E = 30 seconds
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Data se ti
Program o u tp u t;
A ir index 
r e s i s t  index 
S i3 N4  index 
S i index 
W avelength
R e s is t  b leaching co n stan ts  
S ijN ^ th ick n ess  
R e s is t  th ick n ess  
Exposure in te n s i ty  
Exposure tim e  
Dose decrem ent 
Angle o f incidence 
R e f le c tio n  c o e f f ic ie n t  
P e r io d ic i ty
1.0
1.817
2.055
4 .5 -i* 1 .8 7
457.9 nm
0.54 , 0.06 , 0.
60.9 nm 
1 2 0  nm
2 3  mW/cm2  
7 seconds 
1  nvJ/cm2  
45°
0.3955, -7 .32° 
0.33 micron
R esis t
th ickness
p e r io d ic i ty
F igure  4 2 : C ccputer sim ulation  when 
th ickness = 60.9 no.
Development tim e: A = 10 seconds
B = 15 seconds 
C = 20 seconds 
D = 25 seconds 
E = 30 seconds
Data £ £ ti
Program output;
A ir index 1 . 0
r e s i s t  index 1.817
S i 3 *J4  index 2.055
Si index 4 .5 -i* 1 .8 7
W avelength 457.9 nm
R e s is t  b leach ing  co nstan ts 0.54 , 0.06 , 0.012
SijN ^ th ick n ess 74.3 nm
R e s is t  th ick n ess 1 2 0  nm
Exposure in te n s i ty 2 3  mW/cnr
Exposure tim e 7 seconds
Dose decrem ent 1  irvJ/cm
Angle o f inc idence 45°
R e f le c tio n  c o e f f ic ie n t 03955,-48 .03°
P e r io d ic i ty 0.33 micron
R esis t
th ick n ess
p e r io d ic ity
F igure  4 3 : Computer sim u la tion  when 
i i a S i  th ick n ess  = 74,3 ran.
Development tim e: A = 10 seconds
B = 15 seconds 
C = 20 seconds 
D = 25 seconds 
E = 30 seconds
B .3 .1 .1  M acroscopic s e a ls ;
The s a m p le s  w ere  checked  fo r  u n ifo r m ity  by o b se rv in g  th e  
co lour o f  th e  Bragg r e f le c t io n  o f w hite  l ig h t  from the g ra tin g s . 
This i s  a v e ry  s e n s i t iv e  method as a sm all change in  the g ra tin g  
p i tc h  i s  g iv e n  away by a c o lo u r  s h i f t  a t  a g iv e n  v iew in g  a n g le . 
Thus th e  l i n e  spac ing  o f th e  g ra tin g s  could be assessed  over the 
whole p a tc h  a r e a .  A f te r  a  c a r e f u l  a l in e m e n t o f  th e  i n t e r f e r i n g  
beams and  a  p ro p e r  a d ju s tm e n t o f b o th  th e  s p a t i a l  f i l t e r s ,  a l l  
g ra tin g s  showed v ery  good un ifo rm ity  over th e  f a i r l y  la rg e  area 
o f th e  sam ple exposed to  l i g h t .
However, a l th o u g h  c o lo u r  s h i f t s  w ere n o t d e te c ta b le ,  and 
th e re fo re  th e  g ra tin g  p itc h  was shown to  be uniform , v a r ia tio n s  
o f th e  i n t e n s i t y  o f  th e  Bragg r e f l e c t i o n  w ere n o tic e d  from 
sample to  s a m p le , a s  w e ll a s  on s in g le  sam p les  in  some c a se s . 
These i n t e n s i ty  v a r ia t io n s  allow  fo r th e  g ra tin g  c o n tra s t to  be 
a ssessed , a s  w e l l  a s  p e r m i t t in g  a d e te r m in a t io n  o f  w hether th e  
r e s i s t  f i l m  i s  c o n t in u o u s  or broken i n t o  w e l l - d e f i n e d  s e p a r a t e  
g ra tin g  l i n e s .
Three d i f f e r e n t  ty p e s  o f  i n t e n s i t y  d i s t r i b u t i o n  w ere  
observed :
-  A u n ifo rm ly  d is t r ib u te d  f a in t  g ra tin g  over the  whole area  of 
th e  sam ple.
-  On a f a i n t  o v e ra l l  g ra tin g , a b r ig h te r  pa tch  could be seen in  
the  c e n tre  o f  th e  sample.
-  L a s tly , a  b r ig h t  g ra tin g  crown, surrounded by a f a in t  g ra tin g , 
enclosed a washed out area where no g ra tin g  could be seen (figu re  
44) .
B .3 .1 .2  M icroscopic sca le ;
In o rd er to  in v e s t ig a te  these  v a r ia tio n s  of in ten s ity ' as w ell 
as to  a s s e s s  th e  m icroscopic q u a lity  of th e  g ra tin g s , a SEM was 
used which gave th e  follow ing re s u l ts :
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f a in t  a rea  
g ra tin g
c e n tre  p a r t  
washed o u t
2mri
7irm
SAMPLE
b rig h t g ra tin g
F igure 4 4 : T yp ica l geometry o f a DV g ra t in g .
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-  Hie g r a t i n g  u n i f o r m i ty  re g a rd in g  th e  p i tc h  and p a r a l l e l  
arrangem ent o f l i n e s  which could  be in fe rre d  from the macroscopic 
o b se rv a tio n s , w as c o n f irm e d  by th e  m ic ro sc o p ic  in v e s t ig a t i o n  
under th e  SEM.
-  F a in t g ra t in g  re g io n s  were found to  be a reas  where the  r e s i s t  
was n o t  b ro k e n  down to  th e  s u b s t r a t e .  The r e s i s t  f i lm  was 
continuous, o n ly  p r e s e n t in g  c o r r u g a t io n s  on i t s  upper s u r f a c e ,  
f ig u re  45 and 46. The po o r a s p e c t  r a t i o  and th e  f a c t  t h a t  
r e f le c t io n s  on th e  p h o to re s is t  m a te r ia l cure low explain  why th e  
Bragg r e f le c t io n s  a r i s in g  from such continuous g ra tin g s  a re  weak.
-  Hie reg io n s  o f b r ig h t  g ra tin g  showed a r e s i s t  film  which had 
broken down to  th e  s u b s t r a t e  be tw een  th e  l i n e s  th u s  g iv in g  a 
w e ll-d e fin e d  g r a t i n g ,  f ig u r e  47. The h ig h  a s p e c t  r a t i o  and th e  
f a c t  t h a t  th e  l i g h t  was r e f l e c t e d  from  th e  naked s u b s t r a t e  
between th e  l i n e s  e x p la in  why th e  Bragg r e f l e c t i o n s  from  th e se  
samples were n o tic e a b ly  higher than in  the previous case.
-  The washed out a re as  which could o ccasio n a lly  be observed in  
the m iddle o f b r ig h t  g ra tin g  pa tches, were found to  be ab so lu te ly  
c lea r  o f  any  p h o t o r e s i s t  m a t e r i a l  a s  e s t i m a t e d  fro m  th e  
m acroscopic o b s e r v a t i o n s .  T h ese  a r e a s  h av e  been  e i t h e r  
overexposed or overdeveloped, or a combination of both.
B .3 .1 .3  H ie s p a g h e t t i - l ik e  e f f e c t ;
An in te r e s t in g  fe a tu re  of th e  ju n c tio n  between b rig h t g ra tin g  
areas and w ashed o u t  a re a s  i s  th e  s p a g h e t t i - l i k e  e f f e c t ,  as 
i l l u s t r a t e d  in  f ig u re  48. At f i r s t ,  th i s  e f fe c t  was thought to  be 
consequent to  an a d h e s io n  p ro b lem  w hich was e x a c e rb a te d  by th e  
narrow base of th e  g ra tin g  l in e s  when the sample i s  overexposed. 
However, running th e  computer s im u la tio n  fo r overexposed samples 
simply showed th a t ,  no t only would the  p h o to re s is t be broken down 
to  th e  s u b s t r a t e ,  b u t a ls o  t h a t  th e  u n d e rcu t would become so 
g rea t t h a t  a b re a k  th ro u g h  th e  r e s i s t  w a ll o f a g ra t in g  l i n e  
should be e x p e c te d . The f a c t  t h a t  no s p a g h e t t i - l i k e  e f f e c t  was 
observed on g r a t i n g s  p r e s e n t i n g  an o v e r c u t  l i n e  p r o f i l e ,  
re in fo rce s  th e  id e a  t h a t  i t  i s  n o t an e f f e c t  a r i s in g  from poor
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40000 m a g n if ic a tio n  
1 m icron m arker
Figure 45: 0 .3  micron g ra tin g  micrograph.
Exposure and developm ent tim es 
a re  too  s h o r t ,  th e  l in e s  a re  no t 
c u t  down to  the  s u b s t r a te .
1 1 5
40000 m a g n if ic a tio n  
1 m icron m arker
Figure 46: The grooves are deeper but s t i l l  
not cu t down to  the su b s tr a te .
Exposure and developm ent tim es 
must be in c re a s e d .
1 1 6
Figure 47: Ph o to r e s i s t  g ra t in g  w ith  
undojrcut l in e  p r o f i l e .
Uop: 40000 m ag n i f ic a t io n ;  bottom: 80000 magnif ica tion) 
1 micron markers
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Figure 48: The s p a g h e t t i - 1 ik e  e f f e c t  on 
£j 0 .3  m icron g r a t in g .
(5000 m a g n i f i c a t i o n ,  1 micron marker)
a d h e re n c e , an d  t h e r e f o r e  c a n n o t be cu red  by u s in g  any tti®# # i  
a d h e ren c e  enhancer. The s p a g h e t t i - l ik e  e ffe c t B e ts  a  U n i t  m  t t e  
ex p o su re  an d  d e v e lo p m e n t c h a r a c t e r i s t i c s  o f  t h e  )>0 ld g f i0 gfltf€ 
p ro c e s s  when an undercu t p r o f i l e  i s  to  be achieved? and  t h e r e f o r e  
r e n d e rs  th e  p ro d u c tio n  o f h igh  a sp e c t r a t i o  ( th in  w fl 
g r a t i n g s  som ewhat d i f f i c u l t .
B .3 .2  E xposure an d  developm ent d ia gram:
M acroscopic  and m icro sco p ic  in v e s t ig a t i o n s  w e m  c a r r i e d  M t  
on each  exposed  sam ple as  e x p la in ed  above.
-  A ll  s a m p le s  t h a t  show ed a f a i n t  g r a t i n g  over i t s  td io le  a r e a  
w ere tag g ed  as  underexposed (U),.
-  A ll  sam p les  t h a t  had a washed out c e n tra l p a tc h  were ta g g ed  a r  
o v erex p o sed  (0 ) .
-  Samples were tagged  s u i ta b ly  exposed (S) when a Ibcigfet ts id fesr. 
p a tc h  co u ld  be seen  surrounded by a f a i n t  o v e r a l l  g r a t in g  a rea*
I t  w as a l s o  o b s e rv e d  th a t  th e  p ro p e r ty  o f  a s a i r p le  t o  b e  
underexposed , overexposed or c o rrec tly  exposed* depended M ly  
th e  e x p o s u re  and d ev e lo p m en t c h a r a c t e r i s t i c s ,  H0 t  on  tla© 
S i3 K4  th ic k n e s s .
I t  i s  in f e r r e d  from, th e  com puter s im u la tio n  t h a t  ti te  sU ia sD
n i t r i d e  th ickness would render the spa.ghietti-l.ite ptenoBEenaai m m m  
l ik e ly  to  happen when the maximum o f  l i g h t  in te n s ity  i s  bccasi^fc- 
e x a c t ly  a t  or above the  n i t r i d e / r e s i s t  in te r f a c e ,  H ow ever, ms> 
d i f f e r e n c e  was observed between th e  th r e e  d i f f e r e n t  
o f  S i  3  S 4  w h i c h  w e r e  u s e d  w i t h i n  t h e  c o u i r s e  ©ff ewnar 
e x p e r im e n ta tio n , and th i s  i s  why on ly  one ex p o su re-deve jtepn ie iitt 
d iag ram  i s  p re s e n te d , which in c lu d e s  t h e  r e s u l t s  f ie®  a t l  
sam p les , f ig u re  49,
B .3 .3  Discussion:
Several i n t e r e s t i n g  f e a t u r e s  o f  t h e  p h o t o r e s i s t  
p r o p e r t i e s  co n cern in g  developm ent and  exposure  cam be diasaraed xrr
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D e v ^ j-: 30 seconds b e fo re  breaking  through to  th e  s u b s t r a te  
(tim e to  develop  away 1 2 0  ran o f e n t i r e ly  exposed r e s i s t )
Devmax: T j^ne develop  120 ran o f s l i g h t ly  exposed r e s i s t  (M=0.4) 
Expmayi M=0. even in  th e  "d a rk es t a re as"
E x p ^ j.: Minimal exposure fo r  th e  r e s i s t  to  develop away (M<0.4)
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F igure 49: R xposiire-Pevelopiient diagram
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th e  diagram .
I t  can  be o b se rv e d  t h a t  on a l l  t h e  s a m p le s  ex posed  f o r  l e s s  
than  4 seconds, no g ra tin g  cut down to  th e  s u b s t r a te  was n o ticed . 
Under t h i s  t h r e s h o ld  v a lu e ,  th e  l i g h t  e n e rg y  i s  su ch  t h a t ,  n e a r  
th e  i n t e r f a c e  S i 3 N ^ / r e s i s t ,  no p a r t  o f  th e  f i l m  p r e s e n t s  a 
rem ain ing  in h ib i to r  f r a c t io n  lower th a n  th e  developm ent v a lu e  of 
0 .4  w hich i s  g iven  in  th e  th e o re t ic a l  model [Ref.117].
Not only  i s  th e re  a  th re sh o ld  v a lu e  fo r  th e  exposure tim e  bu t 
th e re  i s  a lso  a  developm ent tim e th re sh o ld  v a lu e , under which no 
" c u t  down to  th e  s u b s t r a t e "  w e ll d e f in e d  l i n e s  w ere  o b se rv ed . 
I b i s  i s  due t o  th e  f a c t  t h a t  th e  d e v e lo p e r  t a k e s  some t im e  to  
break th rough  a f i lm  of p h o to re s is t ,  even when e n t i r e ly  exposed 
(M=0). In  ou r c a s e ,  th e  d e v e lo p e r  to o k  20 sec o n d s  to  re a c h  th e  
s u b s t r a te  s u r f a c e  th ro u g h  a 1 2 0  nm l a y e r  o f e n t i r e l y  exposed  
p h o to r e s is t .
A part from  th r e s h o ld  v a lu e s  l i m i t i n g  th e  ex p o su re  and 
development c h a r a c te r i s t i c s  by the low er end, maximum v a lues a re  
a ls o  invo lved , and th e se  a re  d iscussed  below:
A ll sam ples exposed fo r  longer than expmax, as de fin ed  in  the  
diagram, show ed a w ashed o u t c e n t r a l  p a tc h  and w ere  t h e r e f o r e  
u n su ita b le  f o r  f u r t h e r  u se  in  th e  f a b r i c a t i o n  o f  X -ray  g r a t in g  
masks. T h is  show s t h a t ,  even  w ith in  th e  d a r k e s t  a r e a s  o f th e  
in te r fe re n c e  p a t t e r n  ( i . e .  th e  dark  l i n e s ) ,  e x p o su re  s t i l l  
occurred . In d e e d , how ever low th e  l i g h t  co u ld  be w i th in  th e s e  
a re a s , g iven  a long enough exposure tim e (9 seconds), th e  r e s i s t  
would be f u l l y  ex posed  and th e r e f o r e  e n t i r e l y  d e v e lo p  away. I f  
th e  i n t e r f e r e n c e  p a t t e r n  c o n t r a s t  w ere  i d e a l ,  i . e .  no l i g h t  
in te n s i ty  w i th in  th e  "d ark  a re a s " ,  i t  w ould be p o s s ib le  to  
fu r th e r  move th e  e x p o su re  tim e  upper l i m i t ,  and t h e r e f o r e  to  
extend th e  e x p o su re  ra n g e , th u s  a llo w in g  f o r  m o n ito r in g  o f th e  
g ra tin g  l i n e  p r o f i l e  and w id th . However, l i m i t a t i o n s  on th e  
f r in g e s  c o n tra s t  a re  in h e re n t to  the  experim en tal se tup ; they  a re  
due to  th e  G aussian shape of the unco llim ated  beams, as shown in  
th e  t h e o r e t i c a l  s e c t i o n ,  and due a ls o  to  s c a t t e r i n g  w i th in  th e
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p h o to re s is t  m a te r ia l .  C o n tra s t d e te r io r a t io n  a ls o  occurs i f  th e  
symmetry between th e  two in te r f e r in g  beams i s  no t p e r fe c t . I t  i s  
d i f f i c u l t  to  a s s e s s  to  w hich  e x te n t  e ach  o f  th e  th r e e  re a so n s  
d iscu ssed  above c o n tr ib u te  to  th e  g r a t i n g  c o n t r a s t  d e g ra d a t io n .  
However, i t  i s  im p o rtan t to  ensure  th a t  each of th ese  f a c to r s  i s  
m inim ised by c a re fu l m an ipu la tion .
F in a lly , th e  d ia g ra m  a l s o  e x h i b i t s  a  maximum v a lu e  f o r  th e  
developm ent t im e  and t h i s  i s  th e  t im e  th e  d e v e lo p e r  ta k e s  to  
develop  th ro u g h  a  l a y e r  o f  r e s i s t  ex p o sed  a t  i t s  th r e s h o ld  
(M=0.4).
b . 3.4 gpnclu s ion;
I t  i s  now p o s s ib le  to  c o n s is ta n t ly  produce g ra tin g s  w ith  an 
undercu t l i n e  p r o f i l e .  A ll th e  sa m p le s  w ere  exposed  fo r  sev en  
seconds and th e  choice of th i s  exposure tim e  i s  j u s t i f i e d  in  th a t  
a m argin o f  l l  second was needed, a s  th e  e l e c t r i c a l  s h u tte r  used 
on t h e  se tu p  p r e s e n te d  a t im e  re sp o n se  e s t im a t e d  to  be h a l f  a 
second. I t  was o p e ra ted  m anually and a sim ple  clockw atch was used 
to  tim e the  exposure.
The developm en t t im e  was found  to  depend h e a v i ly  on th e  
c h a r a c te r i s t i c s  o f  t h e  d e v e l o p e r ,  so  a n o t h e r  d e v e lo p m e n t  
p rocedure was d e v is e d . The sam p les  w ere  p la c e d  in  a P e t r i  d is h  
and c o v e red  w ith  d e v e lo p e r ,  a s  d ev e lo p m en t c o n tin u e d , a  d a rk  
p a tch  appeared a t  th e  cen te r of th e  s u b s tr a te ,  s low ly  sp read ing  
outwards. When t h i s  d a rk  a re a  had re a c h e d  a p re d e te rm in e d  
dim ension, th e  d ev e lo p m en t was s to p p e d  im m e d ia te ly  by f lu s h in g  
w ith  deion ised  w ater.
The sam p les  w ere  th e n  o v e rc o a te d  w ith  a t h i n  f i lm  o f Au/Pd 
(about 100 nm), b u t ,  due to  th e  poor a d h e re n c e  o f  g o ld  f i l m s ,  a 
few angstrom s of Ni/Cr was f i r s t  evaporated  onto  the  sam ples to  
a c t  a s  an a d h e ren c e  e n h an c e r. L i f t - o f f  was a c c o m p lish e d  by 
d is so lv in g  th e  p h o t o r e s i s t  in  a c e to n e  in  an u l t r a s o n i c  b a th  fo r  
ten  m in u te s  th u s  e x p o s in g  g r a t in g  l i n e s  o v e r a w ide a re a  w ith  
very  few d e fe c ts , f ig u re  50 and 51. However,a c lo se  in sp ec tio n  of 
th e  l i n e  p r o f i l e  under an e l e c t r o n  m ic ro sc o p e , r e v e a le d  a
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Figure 5 0 :  G o l d  g r a t i n g  l ines  a l t e r  I i l l  o i l .
(I micron mocker)
2500 m a g n i f i c a t i o n
10 micron marker
mmm
if
Figure 51: Overview o f a Au/Pd grating  
showing good uniform ity.
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tu n n e ll in g  e f f e c t  ( f ig u r e  52) in d ic a t in g  t h a t  th e  th ic k n e ss  of 
th e  evapo rated  m etal (130 nm) was f a r  g re a te r  than the expected 
th ic k n e ss  (a ro u n d  90 nm). i t  i s  obv ious t h a t  a  much g re a te r  
c o n tro l o f  th e  m e ta l th ic k n e s s  i s  re q u ire d  b e fo re  th e  l i f t - o f f  
s ta g e  i s  w e ll c o n tro lle d .
A ttem pts w ere a lso  made to  open a window a t  the  back of those 
g ra t in g s  w h ic h  p r e s e n t e d  an a d e q u a te  m e ta l  l i n e  p a t t e r n .  
U nfo rtu n a te ly  th e  a t te m p ts  w ere n o t s u c c e s s fu l  because i t  has 
proved im p o ssib le  to  adequately  p ro te c t the  g ra tin g  p a tte rn  from 
th e  s i l i c o n  n i t r i d e  and the  s i l ic o n  e tchan ts .
B.4 Short pitched gratings in vestigation :
The co m p u te r s im u la t io n  i s  a c lo se  d e s c r ip t io n  of th e  
p h o to re s is t  exposure and development p ro p e rtie s  as shown in  the 
p rev io u s  se c tio n . The experim ental technique i s  w ell mastered so 
th a t  g r a t i n g s  w ith  an u n d e rcu t l i n e  p r o f i l e  can be produced
c o n s is ta n t ly  o v e r  l a r g e  a r e a s ;  w i th  b o th  t h e o r e t i c a l  and 
experim ental work show ing t h a t  th e  l i f t - o f f  s ta g e  can be made 
su c c e ss fu l. I t  was a lso  decided to  in v e s tig a te  the  fab rica tio n  of 
s h o r te r  p i tc h e d  g r a t in g s  u s in g  u l t r a v i o l e t  l a s e r  l i g h t  and th e  
f r o n t  prism  techn ique, e i th e r  by them selves or in  combination.
B .4 .1  m  exposure w ithout fro n t p i  i s m technique;
S il ic o n  w afers  coated w ith  70 nm of S i3 N4  were used for th is  
experim ent? th e  a rg o n  io n  l a s e r  was tuned  in  th e  u l t r a v io le t?  a 
sm all ang le  o f incidence (around 35°) was s e t  and the  production 
o f 0 . 3  m icron g ra tin g s  was attem pted.
The sam p les  w ere c o a te d  w ith  a 150 nm la y e r  of p o s i t iv e  
p h o to re s is t  (SHIPLEY AZ 1370), exposed to  the holographic p a tte rn  
fo r  150 sec o n d s  and ra p id ly  developed ( le s s  th an  2 0  seconds). 
O bservation  o f  th e  d ev e lo p ed  sam ples by th e  naked eye rev ea led  
th e  same ty p es  of g ra tin g  geometry as described in  the previous 
s e c tio n . A crow n o f  " in te n s e  g ra tin g "  w ith  a washed out a rea  in  
i t s  c e n te r ,  su rro u n d e d  by an a re a  of " f a in t  g ra t in g  was by fa r  
th e  m ost common i n t e n s i t y  p a t te r n  which was o b ta in ed . This 
suggested  th a t  th e  samples were overexposed but reduction of the
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F igure  52: T unnelling  e f f e c t  a f t e r  l i f t - o f f  when 
th e  m etal ev ap o ra tio n  was too  generous,
(Top: 20000 m agn ifica tion ; Bottom: 80000 m a g n ifica tio n )
.1 micron marker
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exposure tim e  was in e f fe c t iv e , as th e  recorded g ra tin g s  were very 
f a i n t ,  and no cu t down g ra tin g  l in e s  were observed.
Examination a t  low m ag n ifica tio n  o f the  various g ra ting  areas 
showed good u n if o r m ity ,  f ig u r e  53 , and ex am in a tio n  a t  high 
m ag n ific a tio n  o f  th e  l i n e  p r o f i l e s  show ed t h a t  th e  b r ig h t  a re a s  
were a re a s  o f w e ll separa ted  g ra tin g  l in e s ,  f ig u re  5 4 b, contrary 
to  th o se  o f " f a in t  g ra tin g "  where th e  r e s i s t  f i lm  was not broken 
dcwn to  th e  s u b s t r a t e ,  f ig u r e  54a. The g ra t in g  l i n e s  p re se n t an 
over c u t p r o f i l e  as p red ic ted  by th e  computer s im ula tion , figu re  
55.
The fa b r ic a t io n  of g ra tin g s  w ith  a 60° angle of incidence was 
a ls o  a t te m p te d .  Exposure t im e s  in  e x ce ss  o f 10 m inu tes and 
development t im e s  up to  3 m in u te s  w ere  n e c e s sa ry  b u t no g ra t in g  
was re c o rd e d . E very s l i g h t  d e fo rm a tio n  o f th e  w av efro n t was 
s tro n g ly  enhanced by such a high incidence and th i s  is  supported 
by p rev ious experim ental r e s u l ts  rep o rtin g  a l im it  of 58° for the 
an g le  of inc idence  [Ref.100].
At th e  end o f t h i s  s e r i e s  o f e x p e r im e n ts , th e  fo llo w in g  
o b se rv a tio n s  were made.
The q u a l i ty  of the in te r fe r in g  w avefronts were good enough to  
produce g ra tin g s  over a f a i r ly  la rg e  area, providing the angle of 
in c id en ce  was n o t s e t  too  h ig h  and th e  h ig h e r th e  an g le  of 
in c id en ce  th e  more d i f f i c u l t i e s  were to  be expected when p rin tin g  
g ra t in g s .
However, e x p o su re  tim e s  w ere lo n g  and t h i s  i s  n o t d e s ir a b le  
as th e  g r a t i n g  re c o rd in g  i s  more l i k e l y  to  f a i l  due to  e x te rn a l  
c o n d itio n s  such  as  v ib r a t io n s  or s t r a y  l i g h t .  In  o rd e r to  l i m i t  
th e  e f f e c t  o f  such  phenomena, th e  l a s e r  was kep t under l i g h t  
t i g h t  co n d itio n s  to  prevent unwanted exposure by s tra y  l ig h t from 
in s id e  th e  l a s e r  a p p a ra tu s , and th e  g ra t in g s  w ere p r in te d  a t  
nightim e when e x te rn a l v ib ra tio n s  proved to  be a t  th e ir  low est.
The developm ent stage  was a lso  c r i t i c a l  as the cen tra l p a r t
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2500 m agnification
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Figure 53: 0.29 micron grating
1 2 8
Figure 54 : Line p r o f i l e  showing overcu t.
(40000 m a g n i f i c a t i o n ,  1 m i c ro n  m ark e r)
129
D ata s e t :  W avelength: 351.1 nm
In c id en ce : 37°
N itr id e :  70 nm th ic k
R e s is t :  150 rm th ic k
Figure 55: Conputer sim ulation  p ro f i le  
p re d ic tin g  an overcu t.
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o f t h e  g r a t in g s  had to  be w ashed o u t f o r  any b r ig h t  g ra tin g  to  
appear over a la rg e  enough a re a . The s o lu t io n  to  th i s  problem  
would be to  use  a s m a l le r  p in h o le  (a 5 m icron  in s te a d  of th e  10 
m icron used) as the d if f r a c te d  c e n tra l  p a tch  would be la rger thus 
p re s e n tin g  a f l a t t e r  i n t e n s i t y  p r o f i l e  (a s m a l le r  p in h o le  s iz e  
would a l s o  im prove th e  q u a l i t y  o f  th e  f i l t e r i n g ) .  However, 
in c re a s in g  th e  c e n tra l pa tch  s iz e  o f th e  f i l t e r e d  beam by e ith e r  
u s in g  a s m a l le r  p in h o le  or a l t e r n a t i v e l y  by moving th e  sam ple 
f u r th e r  from the  s p a t ia l  f i l t e r i n g  u n i ts  would fu rth e r increase 
th e  exposure tim es.
In  conclusion, although the  p r in t in g  o f g ra tin g s  using the UV 
l i n e  o f th e  argon ion la s e r  was shown p o s s ib le , i t  was d i f f i c u l t  
due to  th e  low power a v a i l a b le  (on ly  9  mW b e fo re  th e  beam­
s p l i t t e r ) .  This i s  why a high power helium-cadmium la se r  (lasing  
a t  325. nm) should be used i f  p o ssib le .
B . 4 . 2  UV exposure and front prism technique:
The experim ental cond itions chosen fo r the  production of 0.12 
m icron g ra tin g s  were:
-UV l i n e  351.1 nm.
-5 0 °  of incidence in s id e  a high index prism  (1.95)
-70  nm o f  S i3 N4
-150 nm of p h o to re s is t .
The ho lograph ic  arrangem ent was s e t  a t  30° of incidence and a 
double 69° p r ism  ( q u a l i ty  X / 2 0 ) was used  th u s  b r in g in g  th e  
in c id en ce  in s id e  the "input medium" to  50°. The prism was s e t  so 
t h a t  th e  u n f i l t e r e d  beams met on i t s  back s u r fa c e .  No m atching  
index  f lu id  was used and the o p tica l co n tac t between sample and 
p rism  was ensured by a p ressu re  chamber.
0.12 m ic ro n  g r a t in g s  w ere produced w ith  poor r e s u l t s .  The 
g ra t in g s  w ere  p a tc h y , th e  l in e s  were no t w e ll  s e p a ra te d  and th e
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s p a g h e t t i - l ik e  e f f e c t  was o f te n  o b s e rv e d  ( f ig u r e  56). M oreover, 
th e  t r a n s i t i o n  betw een  f a i n t  g r a t i n g  a r e a s  and th e  washed out 
c e n tr a l  p a tch  was ve ry  sharp  (f ig u re  5 7 ).
Ifae ex p o su re  t im e s  w ere  v e ry  lo n g  (from  3  to  5  m inutes) due 
to  th e  in c re a se  o f th e  c e n tra l  p a tch  s iz e  because of re fra c tio n  
in  th e  p r ism  and to  th e  a b s o r p t io n  o f  UV l i g h t  by th e  p rism  
m a te r ia l .
The d ev elo p m en t s ta g e  was a l s o  c r i t i c a l ,  s im i la r  to  th a t  
rep o rte d  p rev io u sly , bu t the  t r a n s i t io n  between f a in t  g ra tin g  area 
and w ashed o u t a re a  was f a r  s h a rp e r  ( l e s s  th an  1 / 2  mm a g a in s t  2  
nm p re v io u s ly ). This suggests  th a t  th e  c e n tr a l  spot was not la rg e  
enough so th a t  i t s  o v e ra ll  in te n s i ty  p r o f i l e  could be considered 
f l a t  o v e r m ost o f th e  sam ple . P la c in g  th e  sam ples fu r th e r  from 
th e  p in h o le s  as s u g g e s te d  in  th e  p re v io u s  p a rag rap h  would 
d e f in i te ly  lead  to  very  long exposure tim es.
The p a tc h y  a s p e c t  o f th e  g r a t in g s  s i g n i f i e s  th e  p re sen ce  of
n o ise  w i th in  th e  i n t e r f e r e n c e  p a t t e r n .  One p o s s ib le  reason  fo r  
t h i s  could be th a t some of the incoming l i g h t  i s  sca tte red  by the
rough s id e  s u r f a c e s  o f  th e  p rism . I f  t h i s  phenomenon i s  to  be 
minim ised blackening of the  involved su rfaces  i s  advised.
I t  i s  a l s o  p o s s ib le  t h a t  n o ise  co u ld  be th e  r e s u l t  o f bad 
f i l t e r i n g  made more n o t ic e a b le  by th e  in c re a s e  in  th e  beam 's 
c ro s s -s e c tio n s  due to  r e f r a c t io n  in  a h ig h  index  medium. This 
same phenomenon l im i t s  the  angle of incidence on a simple setup .
Because of i t s  low power, i t  was decided to  give up the  351.1 
nm l i n e  and to  s e l e c t  th e  457.9 nm b lu e  l in e .  I t  was a ls o  
decided to  experim ent fu r th e r  w ith  the fro n t prism  technique.
B .4 .3  Blue exposure and f ro n t  prism ;
Experim ental co n d itio n s :
- 4 5 °  o f inc idence .
132
33ffi M'Smnill
p a t c h y  g r a t i n g  (20000 m a g n i f i c a t i o n )
s p a g h e t t i - l i k e  e f f e c t  (10000 m a g n i f i c a t i o n )
Figure 56: 0 .1 2  micron g ra tin g s  p resen tin g  
a patchy a sp ect and s p a g h e tt i- l ik e  
e f f e c t .  (1 m i c r o n  m a r k e r s )
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area  o f o p tic a l contact 
between sample and prism
g ra tin g  areawashed out a rea
F igure  57 : Geometry o f the  g ra tin g s  produced 
w ith  the  f ro n t  prism  technique 
and PV l ig h t .
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-Double 45° high index p rism .
0.17 micron g ra tin g s  w ere o b ta in ed , f ig u re  58/ with the type 
o f d e f e c t s  r e p o r te d  p r e v io u s ly .  However, i n t e r e s t in g  m o ire  
p a t te rn s  were superim posed on th e  g ra tin g s , f ig u re  5 9 , due, i t  i s  
though t, t o  i n t e r n a l  r e f l e c t i o n s  w i th in  th e  p rism . An o v e r a l l  
m odulation of th e  g ra tin g  was a ls o  observed on a la rger sca le  in  
th e  form o f f r in g e s  o f equal th ic k n e ss  from the  film  of matching 
index l iq u id  when used, f ig u re  60.
Exposure tim e s  w ere a ro u n d  5 seconds and developm ent tim e s  
around 25 seconds, th e  exposure i s  much sh o rte r  because there  was 
more power a v a ila b le  (298 mW b e fo re  the  b eam -sp litte r) .
B .4.4 D iscussion;
A p re lim in a ry  experim ent was undertaken on the basic setup  
w ith  th e  l a s e r  tu n ed  in  th e  u l t r a v i o l e t .  The g ra t in g s  produced
were of good u n ifo rm ity  o v er a la r g e  a re a  and th e  l in e  p r o f i l e  
showed an o v e rc u t in  ag reem en t w ith  th e  com puter s im u la tio n  
p re d ic tio n s .
No s p a g h e tt i- l ik e  e f f e c t  was observed as should be expected, 
th i s  phenomenon only o ccu rring  w ith  undercut l in e  p ro file .
The maximum p o ss ib le  s iz e  o f the  c e n tra l patch  before washout 
occurs i s  s m a l le r  th a n  when b lu e  l i g h t  was used due to  th e  
sm aller w a v e len g th , th e  p in h o le  b e in g  used fo r  the  s p a t i a l  
f i l t e r i n g  could not be changed fo r  a sm aller one.
Hie low power of the  UV la s e r  l in e  rendered the exposure and 
development s ta g e  c r i t i c a l  in  t h a t  i t  was d i f f i c u l t  to  o b ta in  
w ell sep ara ted  l in e s  w ithou t washing out the cen tra l p a rt of the 
exposed p a tch .
I t  was n o t a tte m p te d  to  f u r th e r  c o n tro l  th e  f a b r ic a t io n  o f 
g ra tin g s  using the  UV l ig h t  w ithou t the f ro n t prism  technique by 
in v e s t ig a tin g  th e  w hole ex p o su re  and developm ent p lane or by 
experim enting w ith  o th e r  d ev e lo p e r d i lu t io n s .  Indeed, 0.3
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Figure 58: 0.17 micron grating micrograph.
(40000 m a g n i f i c a t i o n ,  1 m icron marker .)
1 3 6
Figure 59: Moire pattern observed when using 
the front prism at normal incidence.
(10000 m a g n i f ic a t io n ,  1 m icron marker)
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F ig u re  60: F r in g e s  o f  eq u a l th ic k n e s s
l i g h t l y  m od u la tin g  th e  g r a t in g  
when in d ex  m atch ing l iq u id  was u sed .
(100 m ic ro n  m a r k e r ,  20 m a g n i f i c a t i o n . )
1 3 8
micron g r a t i n g s  can be p ro d u ced  w ith  e x c e l le n t  c o n tro l a s  
exp la ined  in  th e  p re v io u s  s e c t io n .  However, an a tte m p t was made 
to  p r in t  0 . 1  m icron g ra tin g s  using the  fro n t prism  technique on 
th e  UV s e tu p . S u ccess  was p a r t i a l l y  met in  t h a t  a 0.12 m icron  
p e rio d ic  p a t t e r n  was re co rd ed . M oreover, th e  o ccu rren ce  o f th e  
s p a g h e t t i - l ik e  e f f e c t  showed t h a t  th e  l i n e s  m ust have had a 
c e r ta in  d e g re e  o f  u n d e rc u t, a s  ex p ec ted  when th e  com puter 
s im u la tio n  was run to  choose th e  s i l i c o n  n i t r i d e  th ic k n e ss  fo r  
th i s  to  happen.
The in t r o d u c t io n  o f an in p u t  medium by means o f th e  f r o n t  
p rism  te c h n iq u e  gave r i s e  to  a h ig h  le v e l  o f background n o is e  
which co u ld  be in f e r r e d  from  th e  p a tch y  a sp e c t of th e  g ra t in g s  
produced. I t  i s  th o u g h t  t h a t  t h i s  i s  n o t i n h e r e n t  to  bad 
f i l t e r i n g  s in ce  the  setup  had not been modified, and the g ra tin g s  
produced w ith o u t  th e  FPT d id  n o t show th e  p re se n c e  o f lum inous 
n o ise . I t  i s  p o s s ib le  however t h a t  b e t t e r  f i l t e r i n g  can b r in g  
back the  angle of incidence on the p h o to resis t fo r the two la s e r  
beams above which wavefront deform ations are so enhanced th a t the 
"noise" b eco m es  p re d o m in a n t .  I t  seem s t h a t  w i th in  th e  
experim ental env iro n m en t s e t  on th e  bench, t h i s  l i m i t  fo r  th e  
angle  of inc idence  i s  between 50° and 45°.
In o rd e r  to  f u r th e r  in v e s t ig a te  th e  FPT, g ra t in g s  w ere 
p r in te d  using the  blue argon ion la s e r  l in e  fo r which more output 
power was a v a i l a b le .  This tim e , th e  f r o n t  p rism  was used a t  
normal inc idence  to  avoid any re fra c tio n  accross i t s  input faces, 
which in c r e a s e s  th e  beam c ro s s  s e c t io n  and th e r e f o r e  would 
enhance the  beam d e fec ts . The angle of incidence was se t a t  45°, 
th e  a n g le  o f  th e  p r ism , an an g le  below th e  l i m i t  exposed above. 
The g r a t in g s  re c o rd ed  p re se n te d  on ly  a low le v e l  o f background 
n o ise  and w ould have been f i t  fo r  f u r th e r  e x p lo i ta t io n  i f  o th e r  
phenomenon d id  not occur.
Indeed, a Moire p a tte rn  was observed m odulating the o v e ra ll 
g ra tin g  when th e  p rism  was used a t  norm al in c id e n c e . T his i s  
caused by i n t e r n a l  r e f l e c t i o n s  i n s i d e  th e  p r is m . I t  i s  
in te r e s t in g  to  n o te  th a t  i t  m ust be p o s s ib le ,  a lth o u g h  n o t
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p r a c t ic a l ,  to  a d ju s t  th e  se tup , and p a r t ic u la r ly  the input prism , 
so th a t  th e  g ra tin g s  a r is in g  from th e  in te rn a l re f le c tio n s , those 
a r is in g  from  th e  tw o in p u t  beams and t h e i r  r e f l e c t io n s  on th e  
s u b s tr a te  c o in c id e .
Problems were a lso  encountered when using an index matching 
f lu id  to  p ro v id e  o p t i c a l  c o n ta c t  betw een p rism  and sam ples. 
C la ss ic a l f r i n g e s  o f  eq u a l th ic k n e s s  w ere observed  s l i g h t l y  
m odulating th e  g r a t in g  p a t t e r n .  The problem  was c ircu m v en ted  
simply by n o t  u s in g  any index  m a tch in g  l iq u id .  O p tic a l c o n ta c t  
was e n su re d  by m e ch a n ic a l p r e s s u r e  o f th e  sam ple on to  th e  back 
su rface  o f th e  p r is m , a sm a ll p r e s s u r e  chamber being  pumped up. 
!fliis way o p t i c a l  c o n ta c t  was o b ta in e d  over la r g e  enough a re a s  
p rov id ing  th e  sam p les  and th e  back s u r fa c e  of th e  p rism  w ere 
a b so lu te ly  c lean .
B .4 .5  C onclusion:
The problem s encountered were of various kinds. Linked to  the 
low power a v a i l a b l e ,  p rob lem s a ro se  from v ib r a t io n s  as can be 
seen by lin k ed  up l in e s  and ambient luminous noise.
Linked to  bad s p a t i a l  f i l t e r i n g ,  th e  an g le  o f in c id e n c e  on 
the  p h o to re s is t  could not be s e t  high enough; the  beam's d efec ts  
were s t r o n g ly  enhanced  by high  a n g le  o f in c id e n c e  and t h i s  was 
given away by th e  patchy aspect of the  g ra tin g s .
L a s tly , l in k e d  to  th e  FPT i t s e l f ,  M oire p a t te r n s  w ere 
observed m o d u la tin g  th e  o v e r a l l  g r a t in g .  T h is  problem  can be 
circum vented by using the  fro n t prism  a t  oblique incidence.
I t  was n o t p o s s ib le  to  expand s u f f i c i e n t l y  th e  l a s e r  beams 
and a l s o  to  s ta y  a t  an a c c e p ta b le  le v e l  o f l i g h t  i n t e n s i t y ,  so 
th a t  th e  c e n t r a l  p a tc h  of th e  d i f f r a c t e d  p a t t e r n  from  th e  
p in h o les  would p re sen t a f l a t  in te n s i ty  p ro f ile . This i s  why the 
development s tag e  was c r i t i c a l ;  washing out was necessary before 
w ell d e fined  sep a ra te  l in e s  could be observed.
I t  seem s t h a t  th e  use o f a deep UV l a s e r  w ith  a h igh  ouput 
power d i r e c t ly  exposing the recording sample i s  the only v iab le  
a l te r n a t iv e  to  holographic p rin tin g  of very sh o rt p itc h  g ra tin g s .
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Before a l i n e  o f  p r o g r e s s  f o r  f u t u r e  e x p e r im e n ts  i s  
suggested , a summary o f th e  o b ta in e d  r e s u l t s  i s  p re s e n te d  a long  
w ith  a  d iscu ss io n  on th e  various problems encountered throughout 
th e  p ro je c t .
C .l )  R esu lts ;
0 .3  micron g ra tin g s  w ith  undercut l in e  p ro f i le  over a  la rg e  
a re a  were rep ea ted ly  recorded in  a f ilm  of p o s itiv e  p h o to re s is t 
co a tin g  a Si^N^/Si s u b s tra te  w ith a sym m etrical holographic se tup  
u sing  th e  b lu e  l i n e  457.9 nm o f an argon  io n  l a s e r .  0.12 m icron  
and 0.17 m icron  g r a t i n g s  w ere a ls o  reco rd ed  in  th e  p h o to r e s i s t  
m a te r ia l  by u s in g  th e  CJV l i n e  o f th e  l a s e r  and th e  f r o n t  p rism  
techn ique. The v e ry  s h o r t  p i tc h  g r a t in g s  e x h ib i te d  im p o r ta n t 
d e fe c ts  which rendered  them u n su itab le  fo r  l i f t - o f f .
The computer p re d ic tio n s  in  each case, undercut, overcut and 
l a t e r a l  b reak  th ro u g h , o r th e  s p a g h e t t i - l i k e  e f f e c t ,  w ere 
experim en tally  v e r i f i e d  which shows th e  u s e fu ln e s s  o f such a 
to o l ,  s in ce  th e  S i3 N4  th ickness can now be determ ined rap id ly  fo r 
an u n d e rc u t p r o f i l e  to  be produced. I t  i s  im p o r ta n t to  m ention 
t h a t  the  computer program can ta ck le  any kind of su b s tra te  system 
and i s  not l im ite d  to  the case stud ied  in  our work.
On e x p lo i t a b le  sam p les , a Au o r Au/Pd m e ta l la y e r  was 
evaporated  under vacuum, and l i f t e d - o f f  by d i s s o lu t io n  o f th e  
p h o to re s is t  l i n e s  in  ace to n e . The m e ta l p a t te r n  was g e n e r a l ly  
w e ll d e f in e d
L astly , a ttem p ts  were made a t the opening of a window a t the 
back of the g ra tin g s  but no re lia b le  technique has y e t been found 
which fu lly  p ro te c ts  the  metal p a tte rn  from the various e tchan ts.
C.2) p jp n iss io n ;
Experim ental and th e o re tic a l work are  d iscussed  and p o ssib le  
improvements on th e  methods and s o lu t io n s  to  th e  p rob lem s a re
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suggested.
C .2 .1  Holographic exposure:
The th e o re t ic a l  s tudy  o f the  holographic exposure suggested 
th a t ,  u s in g  c o l l im a t in g  l e n s e s  (and th u s  keeping th e  number o f 
o p t ic a l  com ponents b e tw een  th e  p in h o le s  and th e  sam ple  to  a 
minimum) w ould  le a d  to  m ajo r changes in  th e  g ra t in g  geom etry . 
Indeed, th e  a ssu m p tio n  t h a t  a non c o ll im a te d  beam co u ld  be 
approxim ated by a p l a n e  w ave w as j u s t i f i e d  in  t h a t  th e  
experim en tal r e s u l ts  showed good un ifo rm ity  of the  g ra tin g  over a 
la rg e  a re a .
However, a n o t ic e a b le  amount o f th e  l i g h t  energy i s  l o s t  in  
th e  d i f f r a c t io n  p a tte rn  generated  by the  pinholes of which only 
th e  m id d le  p a r t  of th e  c e n t r a l  p a tc h  i s  used. T his c a l l s  fo r  a 
p a r t i c u la r ly  pow erful la s e r  l in e  and an output power of about 300 
iriW seems to  be the  minimum requirem ent. Lower powers lead  to  long 
exposure tim es and render the  holographic process c r i t i c a l  and of 
low re p e a ta b i l i ty  due to  ex te rn a l l ig h t  p o llu tio n  and mechanical 
v ib ra t io n s  in  the o p tic a l  se tup .
C .2 .2  Computer s im u la tion ;
A computer s im u la tio n  program was w ritte n  which, given the 
experim en tal co n d itions on the  holographic bench and the m a te ria l 
c h a r a c te r i s t i c s ,  o u tp u t s  an i n h i b i t o r  f r a c t i o n  map o f  th e  
p h o to re s is t  d e p th  a c r o s s  one g r a t in g  p i tc h .  T h is  i n h i b i t o r  map 
can be p ro c e s s e d  by an a lre a d y  e x i s t in g  program  which in  tu rn  
o u tp u ts  th e  r e s i s t  developed p ro f ile .
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  such  a com puter program  has 
been w r i t t e n  fo r  th e  h o lo g r a p h ic  p r o c e s s  [R e f .1 2 4 ] . Such 
s im u la tio n s  make an ex tensive  use of the  Fresnel c o e f f ic ie n ts  of 
a t h i n  f i lm  [R ef.115] and c o n s id e r  th e  p h o to r e s i s t  f i lm  as  a 
homogeneous medium.
The program  d eveloped  in  th e  co u rse  of our work i s  new in  
th a t  i t  d o e s  n o t su p p o se  th e  p h o t o r e s i s t  m a t e r i a l  to  be 
homogeneous and ta k e s  in to  accoun t th e  p ro g re s s iv e  b le a c h in g
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p ro p e r t ie s  o f  th e  p h o t o r e s i s t  a s  exposu re  co n tin u es . Also ta k e n  
in to  a c c o u n t a re  th e  d i f f e r e n t  r a t e s  o f b leach in g  a t  d i f f e r e n t  
depth in  th e  p h o t o r e s i s t  f i lm  due to  th e  non homogeneous 
e l e c t r i c a l  f i e ld  d i s t r ib u t io n  of the exposing l ig h t  p a tte rn .
T his sh o u ld  le a d  t o  much more a c c u ra te  s im u la tio n s  o f  th e  
p ro cess . T h is  a d v an ta g e  d o es  n o t  s ta n d  o u t a t  p re s e n t  due to  th e  
p a r t i a l  u n a v a i l a b i l i t y  o f  a c c u ra te  d a ta  on th e  p h o to r e s i s t  
b leach ing  co n stan ts  a t  th e  wavelengths we were involved w ith .
However, when su ch  d a ta  becomes a v a i l a b le ,  i t  shou ld  be 
p o s s ib le  to  a c c u r a te ly  d e te rm in e  th e  exposure  and developm ent 
tim es a s  w e ll as  to  choose  th e  m ost ad eq u a te  e x p e r im en ta l 
c o n d itio n s  such as l a y e r  th ic k n e s s e s  and an g le  of in c id en ce  fo r  
th e  d e s ire d  l in e  p r o f i l e  to  be produced. I t  should u ltim a te ly  be 
p o s s ib le  to  experim ent "on th e  computer" w ith  various param eters 
o f th e  e x p e r im e n ta l  e n v iro n m e n t, and p r i n t  g ra t in g s  w ith  th e  
req u ired  q u a l i t ie s  su c c e ss fu lly  a t the f i r s t  attem pt.
Due to  i t s  modular form, the computer program can e a s ily  be 
m odified to  s u i t  any kind of problem involving the recording of a 
l ig h t  p a t t e r n  in  a p h o t o r e s i s t  m a te r ia l  c o a tin g  a m u lt i la y e r  
system .
The com puter s im u la t io n  was used to  d e te rm in e  th e  s i l i c o n  
n i t r id e  th ic k n e s s  n e c e s s a ry  f o r  an u n d e rcu t p r o f i l e  to  occur in  
th e  r e s i s t .  D e s p i t e  t h e  la c k  o f  a c c u r a t e  d a ta  f o r  th e  
experim ental environm ent, th e  program gave a f a i r  account of the 
experim ental p r o f i l e .  T h is  i s  why i t  can a lre a d y  be used as a 
good g u id e lin e  in  the  p r in t in g  of p h o to re s is t g ra tin g s .
C .2.3 UV l a s e r :
The use o f th e  351.1 nm l in e  of th e  argon ion  l a s e r  UV 
doublet was i n v e s t ig a te d  and showed th a t  th e  use o f a weak l i n e  
(9 mW) i s  c r i t i c a l  due to  long exposure tim es and the developed 
samples only p resen ted  the desired  g ra tin g  p ro p e rtie s  over very 
th in  a r e a s  betw een  w ashed o u t p la c e s  and p la c e s  where th e  
g ra tin g s  was f a i n t .  I f  a UV l a s e r  l i g h t  i s  to  be used in  f u r th e r
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experim ents, i t  i s  a d v isa b le  to  use a helium cadmium la se r  w ith  a 
l ig h t  o u tp u t i n t e n s i t y  o f  no l e s s  th an  300 mW.
As th e  g r a t i n g s  p r e s e n te d  a p a tch y  a s p e c t ,  in d ic a t io n  o f  
o p tic a l  n o is e  in  th e  beam, i t  i s  th o u g h t th a t  th e  1 0  m icron  
p in h o les  used were n o t f i l t e r i n g  the  beams adequately and the use 
o f a  6  m icron p in h o le  i s  suggested.
c.2.4 front pi ism tech n iq u e :
I t  i s  p o s s ib le  to  a r t i f i c i a l l y  decrease the l ig h t  wavelength 
and th e r e f o r e  to  p ro d u ce  s m a l le r  p i tc h e d  g ra t in g s  by u sin g  a 
prism  in  c o n tac t w ith  the  sample and the  production of g ra tin g s  
w ith  th i s  techn ique  was in v e s tig a te d .
Many p ro b le m s  w ere  e n co u n te re d  when u sin g  th e  f r o n t  p rism  
techn ique and i t  i s  p o s s ib le  to  draw a few comments from th e s e  
f a i lu r e s .
Using a m atching index f lu id  fo r o p tic a l con tac t did not seem 
to  make any d if fe re n c e  compared w ith the dry technique apart from 
th e  o c c u r re n c e  o f w id e ly  spaced  f r in g e s  of eq u a l th ic k n e ss  
l ig h t ly  m odulating th e  o v e ra ll g ra tin g  p a tte rn .
The g ra tin g s  were of a patchy aspect which can be a ttr ib u te d  
to  bad f i l t e r i n g  f o r  a p a r t  b u t w hich co u ld  a l s o  w e ll be th e  
r e s u l t  o f a l ig h t  s c a t te r in g  phenomenon on the  in  used surfaces of 
th e  prism . In  o rder to  l im i t  th i s  phenomenon i t  i s  suggested th a t  
th e  unused  f a c e s  o f  th e  p rism  shou ld  be roughened and p a in te d  
m att b la c k .
F in a lly  m oire p a tte rn s  were observed, s tro n g ly  modulating the  
g ra tin g  p a t te rn  when the prism  was used a t  normal incidence and 
i t  i s  p ro b a b ly  due to  i n te r n a l  r e f l e c t i o n s  w i th in  th e  p rism . 
T herefore  th e  prism  angle should be chosen so as to  prevent these 
r e f le c t io n s  from reaching the su b s tra te  and th is  can be helped by 
using  th e  prism  at incidences fa r  away from the normal. I t  might 
be p o ss ib le  to  a d ju s t the  incidence of the beams on the prism so 
a c c u ra te ly  th a t  th e  fundamental g ra ting  and the g ra tin g s  a ris in g
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from in s id e  th e  p rism  r e f le c t io n s  coincide p e rfe c tly  and maybe 
enhance th e  o v e ra l l  g ra tin g  c o n tra s t.
c .2.5 Exposure and developm ent:
Using th e  457.9 run la s e r  l in e ,  the samples were exposed fo r  7 
seconds to  2 3  mW/cm^ beams o f  l ig h t  giving a to ta l  energy o f 16 
ntf/cra2 p e r  beam. The d e v e lo p in g  p rocedu re  was o r ig in a l  in  th e  
sense t h a t  i t  w as fo u n d  to  be e a s i e r  and more re p e a ta b le  n o t to  
g ive  the  sam ples a s e t  development tim e but on the  con trary  to  
use v i s u a l  ju d g e m e n t to  d e c id e  when to  s to p  th e  d ev e lo p in g  a s  
a reas  where th e  g ra t in g  i s  s u f f ic ie n t ly  developed, i.e . cu t down 
to  th e  s u b s t r a t e ,  a p p e a r  o f  a  d i f f e r e n t  co lo u r to  th e  eye. By 
using a v is u a l  p rocedure, th e  degradation of the q u a l i t ie s  o f th e  
developer can  be co m p en sa ted  f o r  as i t  o x id is e s  when in  c o n ta c t  
w ith a i r  and becom es w eaker as more and more sam ples a r e  
developed.
C.2.6 L i f t - o f f ;
On th e  g r a t i n g s  w hich p re s e n te d  an u n d ercu t p r o f i l e ,  m e ta l 
l in e s  were l i f t e d - o f f  m etal by  evaporating a th in  lay er of Au or 
Au/Pd under h ig h  vacuum and by su b se q u e n tly  d is s o lv in g  th e  
p h o to re s is t  in  a c e to n e .
I t  was found  n e c e s s a ry  to  ev ap o ra te  a very  th in  (a few 
angstroms) l a y e r  o f  N i/C r p r io r  to  th e  m e ta l d e p o s it io n  to  
in crease  i t s  adherence to  th e  su b s tra te .
In some cases th e  amount of m etal evaporated was too high and 
a tu n n e l l in g  e f f e c t  was o b serv ed  g iv in g  a p a r t i c u l a r l y  good 
in d ic a tio n  o f  th e  r e s i s t  l i n e  p r o f i l e  and show ing th a t  th e  
obtained undercut was of high q u a lity . This could perhaps be used 
as a method fo r  v is u a l is in g  r e s i s t  l in e  p ro f i le s  fo r i t  was found 
d i f f i c u l t  to  o b ta in  p r o f i le  p ic tu re s  of the  r e s i s t  due to  i t s  non 
c o n d u c tiv ity , an u n d e s ir a b le  p ro p e r ty  when v iew in g  under an 
e le c tro n  m icroscope.
c .3) Future gxperiments;
Aiming to w a rd s  th e  f a b r i c a t io n  o f an X -ray g ra t in g  mask,
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fu tu re  experim en ts  can be l in e d  up as  follow s.
C .3 .1  f a b r i c a t i on o f  s m a l le r  p itc h e d  gratings!
I t  i s  p o s s i b l e  to  make g r a t in g s  o f a p itc h  s m a lle r  th an  0.3 
micron by u s in g  a He-Cd l a s e r  l i n e  a t  325.0 nm in s te a d  o f th e  
457.9 b lu e  l i n e  o f  th e  a rg o n  io n  l a s e r  on th e  h o lo g ra p h ic  
arrangem ent- The g r a t i n g  p i t c h  can th e n  be b rough t down to  0.2 
m icron by t h i s  s im p le  w avelength sw itch  and a fu r th e r  reduction  
i s  p o ss ib le  i f  th e  f r o n t  prism  technique i s  used. I t  i s  necessary 
however to  make su re  th a t  th e  fo llow ing  po in ts are s a t i s f ie d :
-L ase r o u tpu t of no le s s  than 300 nW.
-P in h o le  s i z e  n o t  g r e a t e r  th a n  6 m icron  and  s m a l le r  i f  
n e c e s s a ry .
- I f  th e  f r o n t  p rism  tech n iq u e  i s  used, o b liq u e  inc idence  
and b la ck en in g  o f  i t s  s id e  fa c e s  a re  a d v ise d
When t h e  p r o d u c t io n  o f  v e ry  s m a l l  p i t c h  g r a t i n g s  ov er a 
r e l a t i v e l y  w id e  a r e a  i s  m a s te re d ,  i t  w ould  be s e n s ib l e  to  run  a 
com puter s i m u l a t i o n  to  d e te rm in e  th e  s i l i c o n  n i t r i d e  th ic k n e s s  
n e c e ssa ry  f o r  an undercu t p r o f i l e  to  occur.
C .3.2  L i f t - o f f :
I t  h a s  b een  show n t h a t  i t  i s  im p o r ta n t  n o t to  e v a p o ra te  to o  
much m e ta l on th e  p h o to r e s is t  g ra t in g  fo r  the  o b te n tio n  o f w ell 
d e f in e d  and s e p a ra te d  m e ta l l in e s .
I t  m ust be de te rm in ed  e x p e rim e n ta lly  th e  h ig h e s t th ick n ess  of 
d e p o s ite d  m e ta l  in  r e l a t i o n  to  th e  r e s i s t  l i n e  th i c k n e s s  w hich  
would a llo w  a s u c c e s s fu l l i f t - o f f .
c.3.3 Window .opening;
The l a s t  s t a g e  in  th e  f a b r i c a t i o n  o f  an X -ray  mask c o n s i s t s  
in  opening a  window in  th e  s i l i c o n  s u b s t r a te  thereby  exposing th e  
n i t r i d e  m e m b ra n e  s u p p o r t i n g  t h e  m e ta l  g r a t i n g .  H ow ever, 
d i f f i c u l t i e s  a r i s e  in  t h a t  no s u i t a b l e  p ro c e d u re  h as  y e t  been
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d e v is e d  to  p r o t e c t  th e  m etal p a t te r n  from th e  v igorous e tc h a n ts . 
The u s e  o f  t h e  d e v i c e  shown in  f i g u r e  61 , c u t  from  a b lo c k  o f 
PTFE and w hich o n ly  l e t s  one s u r fa c e  o f th e  sample in  c o n ta c t to  
th e  e tc h a n ts  i s  p ro p o sed . I t  was found however th a t  th e  s e a l was 
n o t o f  s u f f i c i e n t l y  h ig h  q u a l i ty  and th e  chem icals seeped through 
t o  t h e  g r a t i n g  p a t t e r n .  The u se  o f  a h a rd  PTFE O r i n g  i s  n o t 
a d v is a b le  a s  th e  sam p le s  a re  e a s i l y  broken by excess p re s su re  and 
a  s o f t  r u b b e r  s e a l  d o e s  n o t  s ta n d  th e  h o t  e t c h a n ts  u s u a l ly  u sed  
in  t h e  f a b r i c a t i o n  o f  s i l i c o n  n i t r i d e  m em branes. F i l l i n g  th e  
c a v i ty  w ith  o i l  m ig h t i s o l a t e  th e  m e ta l p a t te r n  from th e  e tc h a n ts  
o r  th e  u se  o f  a  wax, co v erin g  th e  g ra t in g  a re a , could a lso  be th e  
answ er.
C.4) C onclusion ;
I f  t h e  p r e c e e d in g  s t e p s  a r e  f u l l y  m a s te re d , i t  sh o u ld  be 
p o s s ib le  t o  p roduce a  g ra t in g  X-ray mask t r a n s f e r a b l e  by X-ray 
l i th o g ra p h y  a t  th e  carbon  l in e .
The use of such masks are various and include:
- th e  fa b r ic a t io n  of DFB or DBR la se rs .
- th e  f a b r ic a t io n  of o p tic a l wavelength f i l t e r s  by bragg 
r e f le c t io n  or re fra c tio n .
- t h e  f a b r i c a t i o n  of in p u t o r o u tp u t bragg coup lers.
and t h i s  c o u ld  f a c i l i t a t e  th e  f a b r i c a t i o n  o f  th e  f i r s t  t r u l y  
i n t e g r a te d  o p t i c a l  c i r c u i t s .
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F ig u re  6 1 :  S u g g e s te d  d e v ic e  f o r  th e  p r o t e c t i o n  
o f  t h e  m e ta l  g r a t i n g  from  th e  
v a r io u s  e t c h a n t s .
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APPENDIX 1
F igu re  A1 con tains a l l  inform ation on the adopted n o ta tio n  . 
The tw o p la n e  waves a re  o f equal a m p litu d e , o f i d e n t i c a l  
p o la r iz a t io n  and of sym m etrical incidence. They a lso  propagate in  
a  p e r f e c t  non-absorbing medium of index n.
L e ttin g  a s id e  the tim e dependence, the e le c t r i c  f ie ld s  E j and E2  
can be w r it te n  as fo llow s:
Ex = Euzexpik l a r  (A13)
E2 = Euzexpik2. r  (A14)
C a lc u la tio n  leads to :
k ^ .r  = -27in/x (xsine+ycose) (A15)
k2 *r = 2nn/x(xsine-ycose) (A16)
The to t a l  f ie ld  a t p o in t M is  therefo re :
Et o t  = 2Euzexp(-2i7tnycose/X)cosh(2i7rnxsine/X) (A17)
o r ,  by using the w ell known id e n tity , cosh(ix) = cos(x),
Et o t  = 2Euzexp (-2 i n nycos e /x ) cos (2 unsin e x /x ) (A18)
T ak in g  th e  square  modulus o f the  f i e ld  le a d s  to  th e  i n t e n s i t y  
p r o f i l e :
I  = 4lQCOS^(2nnsin6x/X) (A19)
o r ,  by means of a trigonom etric id e n tity :
1+cos (2 tt x2ns in  8 /x)I  = 2 I0 (A20)
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medium of 
r e f r a c t iv e  index n
z x
M(x,y)
U,y) plane o f incidence
(z) d ire c tio n  of p o la r is a tio n  (s -p o la r .)
Figure Als N otation  fo r  the in te rfe re n c e  between
two plane waves.
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T h is  i s  th e  e x p re s s io n  o f a p e r io d ic  p a t te r n  in  x ( l in e s  a lo n g  
the z -ax is) of p e r io d ic ity  p given by:
p = x /(2 n sin e) (A21)
Thus has th e  w e ll known p itc h  equation for holographic g ra tin g s  
been re e s ta b l is h e d .
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8 0  F O R M A T ( 1 0 X , 4 4 H M  I S  S M A L L E R  T H A N  . 4  A T  P O I N T S  I N  T H E  R E S I S T )
E N D
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c
c
c
c
S U b » O U T l N E  M A P v E N  
C 0 m m o n / I n 0 E X / R I n D x ( 4 )
C O M P O N / T H I C K N / T h l C K C A )
C Q M M O N / E X P O S / E X P I N T » E X P T I M , E X P n S ( 2 1 )
C O * * O N / F L A G / I F L A G ( 6 )
C O m m o N /  INH I B / * *  (51 ) , m e n ( 5 j , 2 1 ) , w m x Z ( 5 2 , 5 2 )  
C n v y O N / E F I N D X / E F R D X ( 5 1 ) , S I E P 0 X 
C O * * O N / K I T S I L / S l N “ A T ( 2 , 2 ) , e HSFT,RCOEF 
i COMgON/SIMUL/CELTZ»DOSDEC,DELTx
COMg O N / C S T E S / * A V E l , P l , R N D , T H E T A  
CO-PLEX E F P D X , S I E R D X , E F I D X , * 2  
COMPLEX 5 1N g A T ,RRKMAT(2 , 2 ) »R I * DX 
REAL  g , P E *
C  O E T E R M I N E  T H E  E N T R Y  P O I N T  A C C O R D I N G  T O  T H E  F L A G S
I F ( I F L A G ( 1 ) , E 0 . 1  . O R , I F L A G ( 2 ) . E Q . 1 , 0 R  ,  I F L A G ( 3 ) . E D . 1 )  G O T O  1 0
I F ( I F L A G U ) . E Q . I )  G O T O  2 0
I F ( I F L A G ( 5 ) , E U . 1  ) G O T O  5 0
I F ( I F L A G ( 6 ) . E * . 1 )  G O T O  4 0
* R I T E ( 4 , « )  ' n o t h i n g  c h a n g e d '
R E  T U R N
C C O - P u T E S  S I E R D X , E F R C X  ( 1 )
1 0  S I E R D x = E F I D x ( h I N D X ( 3 ) )
E F R D x ( 1 ) s E F I 0 X ( R I N D X ( 1 )  )
C C O M P U T E S  S I N H A T
* 2 = E F I P X ( R I N 0 X ( 4 ) )
C A L L  P A S g A T ( * 2 , S I E R D X , S l N M A T )
2 0  0 E L T Z = T h I C K ( 3 )
c a l l  t r  a r a t  ( s i e - c  x ,  j
C A L L  g U L m A T ( A - k ^ A T  ,  S d ^ A T  * S  I Mg  A T )
C C O M P U T E S  R E F L E C T I O N  C O E F F
R C O E F = C A 0 S ( S r . * « A T ( 2 , 1 ) / S l N “ A T d , 1 ) )
I F  ( R C C F F . E O . O .  ) G O T O  3 0
P H S F T s A l H A G ( C L U G (  S I N M A T ( 2 # 1 ) / S I N g A T ( 1  , 1 ) ) )
P H S F T s P H S F T * 1 ^ 0 . / P I
w R I T E U , * )  ' R E F L E C T I O N  C J E F  '  ,  * C 0 f c  F ,  P H S F  T 
C I N I T I A L I Z A T I O N  O F  O F L T A  Z ( O E L T Z )
3 0  D E L T Z = T H I C K ( 2 ) / 5 C  
C I N I T I A L I Z A T I O N  O F  m a r r a y  
4 0  0 0  1 1 = 1 , 5 1  
M ( I ) = 1 .
M E N ( I f 1 ) « H ( I )
1 C O N T I N U E
C  G E T  A R A P  O F  I N H I B I T O R  F R A C T I O N ,  g E N ( 5 1 , 2 1 ) ,
C  V E R S U S  Z C I )  A N D  E X P O S U R E  D O S E .
0 0  2 1 = 2 , 2 1  
O O S s O O S O E C
D O S E  =  E X P T I M * E x P I N T / 1 0 ,
C S E T  D O S  I N  C A S E  O G S E  I S  L E S S  THAN O O S C E C  
5 0  I F ( D O S E . L E . D G S D E C )  O O S = D O S E  
C  G E T  A N E *  g  A P  O F  I n D E X  M  T h  T H E  P R E V I O U S  I N H I B I T O R  g A P  
C A L L  I N H I N D
C G E T  A N  I N T E N S I T Y  g A P  A C C O R D I N G  T O T H t  I N D E X  M A P  
C n o r m a l i z a t i o n  A C C O R D I N G  T O  a n  i n c i d e n t  C O S E ,  U F  D O S U E C  
C A L L  I N D I N T
C G E T  T H E  N E *  I N H I B I T O R  m a p  A C C O R D I N G  T O  T H E  I N T E N S I T Y  
C  P A T T E R N
C A L L  I N T I N H  
C C O U N T D O W N  **I T H  D O S E  
O O S E * D C S E - D 0 S  
C  N E t *  C Y C L E  I F  R E Q U I R E D
I F ( D O S E . G T . O , )  G O T O  5 0  
D O  3  J * 1 * 5 1  
M E N ( J , I ) = m ( J )
3  C O N T I N U E
2 C O N T I N U E  
R E T U R N  
E N D
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o 
n 
o
S U B R O U T I N E  I N O I N T
i c o m p l e x  r i n d x , s i e f d x , e f r o x , s i n m a t
C O “ R O N / 1 N T E N S / V E R T  I N ( 5 1 ) # H O R E N ( 5 0 )
C U R M O N / S I M U L / O E L T  2 , O O S D E C # D E L T X  
C O M M O N / I N O E X / R I N O X C 4 )
C O MMO N / E F I N D X / E F R D X ( 5 1 ) » S I E R O X  
C O M M O N / M  T S I L / S  I N F  A T  ( 2 , 2 ) , P h S F T , R C O E F  
C O M P L E X  * P K M A T ( 2 , 2 ) , P ( 2 , 2 )
C
C G I V E N  S I N F A T ( M A T R I X  O F  S  I + S I N ) , E F R D X ( T A B L E  O F  E F R D X  O F  R E S I S T )  
C  S I E R D X ( E F R D X  O F  S I L I C O N  N I T R I D E ) #  T H I S  S U B R O U T I N E  C O M P U T E S  
C T H E  I N T E N S I T Y  P A T T E R N  I N  P H O T O R E S I S T  ( V E R T I N ( 5 1 ) ) ,
C  F O R  A N  I N C I D E N T  D O S E  O F  O O S D E C  M I L L I J O U L E S  
C
C  C O M P U T E S  F I R S T  T H E  M A T R I X  O F  T h E S Y S T E M  a n d  
C T H E  I N T E N S I T Y  M A P .
P E F R A C s R E A L ( R l N D X ( 2 ) )
C A L L  P A S M A T ( S I E ° 0 X , E F « D X ( 5 1 ) , P )
C A L L  M U I m A U P ^ I ^ A T . a R k m a t )
V E R T  I N ( 5 1 ) = R £ F R A L » C A B S ( * R K m a t ( 1 #  1 ) * * R k m A T ( 2 # 1 ) ) * * 2  
D O  1 J * 1 # 5 0
C A L L  T R A ^ a t ( E F R O x ( 5 2 - J ) , P )
C A L L  F U L F A T ( P , * R I < * ' A T , * R k m a t )
C A L L  P A S MA T ( E F R P x  ( 5 2 - J ) , E F R D X ( 5 1 » J ) # P )
C A L L  F U L M A T ( P , a R * f A T , * K K M A T )
I F ( J . E Q . 5 0 )  H E F P A C = R E A L ( R I N D X ( 1 ) )
V E R T I N ( 5 1 - J ) s P E F R A C * C A B S ( ' * R K m a T ( 1 # 1 ) * * R k m a T ( 2 # 1 ) ) * * 2
1 C O N T I N U E
c N O R M A L I Z A T I O N  ACCORDI NG T" d o s d e c
C N O R M s C A B S ( « F K m a t  ( 1 , 1 ) ) * * 2 / D 0 S D E C  
0 0  2  1 * 1 , 5 1
v E R T I N ( I ) s V E R T I N ( I ) / C N O R m
2  C O N T I N U E  
R E T U R N  
E N D
C
c
I c
S U B R O U T I N E  I N H I N D  
COF < m o n / E F I N O X / E F f D X ( 5 1  i ,  S I E R D X  
t C O M M O N / I N D E X / R I N L X U )
C O M M O N / C S T E S / « A V E L # P I # R N O #  T H E T A  
C O M M O N / R E S I  S T Z A P , B P , C P
C O f i m o n / I N H I B / H ( 5 1  ) , M E N ( 5 1 , 2 1  ) , R M X Z ( 5 2 ,  5 2 )
R E A L  N , M £ N
C O M P L E X  E F I D X , E F R D X , R I N D X , S I E R D X
C  C O M P U T E S  T H E  E F F E C T I V E  I N D E X  M A P  K N O W I N G  T h E  
C  I N H I B I T O R  M A P .
C
E F R D X ( I ) * C M P L X ( R E A L  ( R I N D X ( 2 ) ) , » * A V E L / A / P I * ( A P * M ( I ) » 0 P ) )  
E F R D X ( I ) * E F I D X ( E F R D X ( I ) )
1 C O N T I N U E  
R E T U R N  
E N D
156
c
c
c
S U B R O U T I N E  I N T I N H  
C O * * " O N / I N T E N S / V E R ' T l N ( 5 1 ) # H r ] R E n ( 5 f i )
C 0 VM0 N / I N H I B / * * ( 5 1  J * **EN ( 5 1  r 21 J r R MX Z C5 ? #S 2 J  
COMVON/RE S I  S T / A P , B P , C P  
» E A L  M , M E N
I c
C  C O M P U T E S  T H E  * E *  “ A P  O F  I N H I R I T C R  F R A C T I O N  
C  A C C O R D I N G  T O  T H E  I N T E N S I T Y  M A P ,
. C
D O  1 1 = 2 , 5 1
m ( I ) = M ( I ) * E * P ( - V E N T I N ( I ) * C P )
1 C O N T I N U E  
R E T U R N  
E N D
C
C
c
S U B P O U T  I N E  P A S S A T  C R 0 X 2 , R D X 1 , m a j )
C O M P L E X  M D X 1 , R D X 2 , m a T ( 2 , 2 )
C
C  C O M P U T E S  T H E  M A T R I X  * > E N  T H E  B O U N D A R Y  2 / 1  I S  C R 0 S 3 E 0  T O h A P D S  1 
C
“ A T ( 1 , 1 ) = ( 1 f R n x 2 / R D X l ) / 2  
M A T C 2 , 2 ) = v A T  ( 1 , 1 )
M A T ( 1 , 2 ) = ( 1 - R D X 2 / R D X 1 ) / 2
M A T ( 2 , 1 ) s M A T ( 1 , 2 )
R E T U R N
E N D
C
C
C
S U B R O U T I N E  M U L “ A T ( A , B , C )
C O M P L E X  A ( 2 , 2 ) , B ( ? , 2 ) , C ( 2 * ? ) f T ( 2 , 2 )
C
C P R O D U C T  A *  P ,  R E S U L T  I N  C 
C
D O  1 1 = 1 , 2  
DO 1 J = 1# 2 
T (  I ,  J )  = ( C . , 0 . )
0 0  1 K = 1 , 2
T ( I , J ) * T ( I , J ) * A ( I t K J * H ( K , J )
1 C O N T I N U E  
0 0  2  1 * 1 , 2  
00 2 J * 1 , 2  
C ( I , J ) = T ( I , J )
2  C O N T I N U E  
R E T U R N  
E N D
C
c
c
S U B R O U T I N E  T R A M A T ( R C X , M A T )
C O M P L E X  R D X , m a T ( 2 » 2 )
C O M M O N / S I R U L / D E L T  2 , D 0 S 0 E C , 0 E L T X
c o m m o n / c s t e s / « * v e l » p i » r n o , T H E T A
C  C O M P U T E S  M A T R I X  A S  Y O U  R O V E  F R O M  T H E  P O T T O M T O  
C T H E  T O P  O F  O N E  O F  T H E  P H O T O R E S I S T  L A Y E R S ,
C H A T ( 1 , 1 ) « C E X P C ( 0 . , n ) * 2 * P I / * A V E l * R D X * D E L T Z )
m A T ( 2 # 2 ) * 1 . / * A T ( 1 , 1 )
M A T ( 1 , 2 ) * ( 0 , » 0 , )
MAT C 2 # 1 ) * M A T ( 1 # 2 )
R E T U R N
E N D
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n
r
*n 
n
o
n
 
r» 
o 
o
C O M P L E X  F U N C T I O N  S T M ( R I N O X )  
C O M P L E X  R I N D X
c o m m o n / c s t e s / m v e l , p i , r n o , t h e t a
3THAs R N 0 » S I N ( T H E T A ) / R I N D X
r e t u r n
E N D
C O M P L E X  F U N C T I O N  C T P A ( R I N D x )
C O M P L E X  R I N D X , S T H A
CTHAsCSCRT((1t0,G,0)-STMA(RlNDX)**2)
R E T U R N
E N D
C O M P L E X  F U N C T I O N  E F I O X ( R I N O X )
c o m p l e x  r i n d x , c t h a  
E F I D X  =  R I N D X * C  T H A ( P I n d x )
R E T U R N
E N D
S U B R O U T I N E  I N P U T  1 
C 0 M M 0 N / F L A G / I F L A G ( 6 )  
C O u M D N / I N P E X / R I N D X ( A )  
C Q M M C N / T h I C K N / T H I C K ( A )  
C O V M C N / R E S I S T / A P , f l P , C P  
C O m p o n / C S T E S / * * A v E L , P I , p n O , T h E T A  
C O m m q n / e x p o S / E X P I N T  , E x P T I - « * , E  X P U S ( 2 1  ) 
C O m m o n / S I m u l / D E L T 2 , P 0 3 0 E C , D E L T X  
C O “ P L E X  R I N D x
I N P U T  R O U T I N E ,  I N P U T  U A T A S  A C C O R D I N G  T O  I F L A G  A S  F O L L O W S  
I F L A G ( 1 ) = 1  I N P U T  W A V E L E N G T H  A N D  R E F R A C T I V E  I N D E X  
I F L A G ( 2 ) s 1  I n P ' j T R E S I S T  B L E A C H I N G  C O N S T A N T S  A , B , C  
I F L A G ( 3 ) = 1  I N P U T  A f G L E  O F  I N C I D E N C E
I F L A G ( 4 ) * 1  I N P ' J T  T f I C K N E S S ( 3 )
I F L A G ( 5 ) s 1  I N P U T  T H I C K N E S S ( 2 )
I F L A G ( 6 ) = 1  I N P U T  E X P O S U R E  I N T E N S I T Y  A N D  T I V F  A S  - E L L  A S
D O S E  D E C R E M E N T  U N  W H I C H  D E P E N D S  T H E  A C C U R A C Y  >] F * E N (  ,  ) ,
I F  ( I F L A G d  )  ,EU.y) G O T O  1 0
00 1 I>1,4
w R I T E  ( 2 ,  * ) # R I N D X M
H E A 0 ( 1 , * ) R R . R I
R I N D X C I ) s C M P L X ( R R , - R I )
1 C O N T I N U E
R N U s R E A L ( R I N U X ( 1  ) )  
* R I T E ( 2 , * ) ' - A v E L E N G T H '  
R E A D ( 1 , * ) w A V E L  
1 0  I F  ( I F L A G E 2 )  . E u . i . )  G O T O  2 0  
• R I T E ( 2 , * ) ' A * B , C '  
R E A 0 ( 1 , * ) A P , 6 P , C P  
2 0  I F  ( I F L A G C 3 ) . E U . O )  G O T O  3 0  
* R I T E ( 2 , * ) ' I N C I D E N C E '  
R E A D ( 1 , a ) T H E T A D  
T H E T A » T H E T A D w P I / 1 F O t  
3 0  I F  ( I F L A G C 4 ) , E 0 , 0 )  G O T O  4 0  
" R I T E ( 2 ,  * ) ' T H I C K  3 '
R E A D C 1 , * ) T H I C K ( 3 )
4 0  I F  ( I F L A G ( 5 ) . E U , 0 )  G O T O  5 0  
" R I T E ( 2 , * )  ' T H I C K  I *
R E  A D ( 1 , * )  T H I C K  C 2 )
5 0  I F  ( I F L A G ( 6 ) , E 0 , 0 )  G O T O  6 0  
K R I T E ( 2 , * ) ' E X P  I N T E N S '  
R E A D ( 1 # * ) E X P I N T
* r i t e c 2 , * > ' e x p  t i m e ;
R E A D ( 1 , * ) E X P T I M
* R I T E ( 2 # * ) ' D O S E  D E C R E M E N T '  
R F A D d , * )  O O S D E C  
6 0  R E T U R N  
E N D
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c
c
c
S U B R O U T I N E  I N P U T 3  
C 0 * M 0 N / F L A G / I F I A G ( 6 )
C O M M O N / I N D E X / R I N D X ( 4 )
C O M M O N / T H I C K N / T H I C K ( 4 )
C O M M O N / R E S  I S T / A P , B P , C P  
C 0 “ M 0 N / C S T E S / * 4 V E l , P I , R N 0 , T H E T A  
C O MM O N / E X P O S / E X P l N T # E X P T I M , E X P O S ( 2 1 )  
C O m m o n / S I m u l / O E L T Z # D O S D E C , D E L T X  
C O M P L E X  R I N D X
I N P U T  R O U T I N E .  I N P U T  D M A S  A C C O R D I N G  T O  1 F L A G  A S  F O L L O W S  
I F L A G ( 1 ) = 1  I N P U T  N A V E L E N G T H  A N D  R E F R A C T I V E  I N D E X  
I F L A G ( 2 ) s 1  I N P U T  R E S I S T  B L E A C H I N G  C O N S T A N T S  A , B , C  
I F L A G ( 3 ) s 1  I N P U T  A N G L E  O F  I N C I D E N C E
I F L A G ( 4 ) a 1  I N P U T  T h J C K N E S S ( 3 )
I F L A G ( 5 ) = 1  I N P U T  T h I C K N E S S ( 2 )
i f l a g ( 6 ) = i  i n p u t  e x p o s u r e  i n t e n s i t y  a n d  t i m e  a s  « e l l  a s
D O S E  D E C R E M E N T  o n  W H I C H  D E P E N D S  T H E  A C C U R A C Y  O F  M £ N (  ,  ) ,
I F  ( I F L A G M J . E U . i i )  G O T O  1 0  
D O  1 1 = 1 , 4  
R E  A C ( 3 »  * ) R R  » R I 
R I N D X ( I ) = C M P L X ( R K , - P I )  
* R I T E ( 4 , O ' R I N 0 X ' , I , R l N D X ( I )
1 C O N T I N U E
R N O s R E  A L ( P I N D X ( 1 ) )
R E A D ( 3 , * ) R A V E L
* B 1 T E ( 4 , 0 ' i nA v E L E N G T h ' , * A V E L
1 0  I F  ( I F L A G ( 2 ) . E U . O )  G O T O  2 0  
R E A D ( 3 , * ) A P , B P , C P  
« R I T E ( 4 , * ) ' A , « , C ' , A P , B P , C P  
2 0  I F  ( I F L A G ( 3 ) . E O . O )  G O T O  3 0  
R E A i) ( 3 , * ) T H E T A D  
« R I T E ( 4 , * ) ' I N C I D E N C E ' , T H E  T AD 
T H E T A r T H F T A D * P I / 1 « 0 ,
3 0  I F  ( I F L A G ( A ) . f c U . O )  G O T O  4 0  
R E A D ( 3 , * ) T H I C K ( 3 )
* R I T E ( 4 , * ) ' T H I C K  3 ' , T H I C K ( 3 )
4 0  I F  ( I F L A G C 5 ) . E U . G )  G O T O  5 0  
R E  A D ( 3 , * )  T H I C K ( 2 )  
h R I T E ( 4 , 0  ' T H I C K  2 ' , T H I C K ( 2 )
5 0  I F  ( I F L A G ( 6 ) • E G , 0 )  G O T O  6 0
R E A D ( 3 , * ) E X P I N T
* R I T E ( 4 , O ' E X P  I N T E R S ' , E X P I N T
R E A D ( 3 , * ) E X P T I M
* R I T E ( 4 , 0 ' E X P  T I M E ' , E X P T I M
R E A D C 3 , * )  O O S D E C
m R I T E ( 4 , a ) ' D O S E  D E C R E m E N T ' , D O S D E C  
6 0  R E T U R N  
E N D
C
c
c
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